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Abstract Bis(thiourea) antimony tribromide (BTAB)
single crystals of semi organic non-linear optical (NLO)
crystal category have been effectively grown and har-
vested by the technique of slow solvent evaporation. The
important nucleation kinetic parameter values have been
deduced for the title crystal and the agreement between
the experimental and theoretical values of interfacial sur-
face energy has been established. The orthorhombic struc-
ture and Cmc2; space group have been identified with the
aid of single crystal X-ray diffraction studies. To validate
the stoichiometry and the purity of the crystals, elemental
analysis has been carried out. The UV transmittance spec-
trum has been employed to deduce the significant optical
constant and oscillator parameter values. In the region of
absorption edge, Urbach tail energy has been determined to
ascertain the crystalline perfection of BTAB. The etching
studies inferred the step growth pattern of the crystal. The
phase matchable SHG efficiency of BTAB has been tested
by Kurtz—Perry technique. The negative photoconductivity
and low birefringence values have been revealed by pho-
toconductivity study and birefringence study respectively.
Dielectric and ac conductivity studies have helped in calcu-
lating the activation energy values of the electrical process.
Important solid state parameters such as valence electron
plasma energy, Penn gap, Fermi energy and polarisability
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have been calculated for the BTAB crystal. To assess the
mechanical stability of the crystal Vicker’s micro hardness
analysis has been performed and important mechanical
parameters have been elucidated.

Keywords NLO - SHG - Nucleation kinetics - Solid
state parameters - Optical constants - Hardness - Negative
photoconductivity

1 Introduction

The momentous growth in the domain of non-linear optics
(NLO) has been consistently facilitated by the advent of
high intensity lasers and the advances in crystal technology.
The further progress in this NLO field will be dictated by
the availability of newer and better device fabricating mate-
rials. In the current era of technology, the contribution of
NLO crystals in the emerging fields of laser technology,
optical signal processing, photonic technology and optical
communication has been widely acknowledged and highly
appreciated by the engineering and scientific community
[1]. In the ardent quest for newer NLO materials, inorganic
materials stand a thin chance due to their inherent limita-
tion on the maximum attainable non-linearity. On the other
hand, the difficulties encountered in growing device grade
single crystals of organic origins drove the researchers
towards a new class of materials known as semi-organics
[2]. The semi-organic materials are at the forefront of NLO
field as a tribute to their potential in combining the advan-
tages of organic and inorganic materials which include low
angular sensitivity, chemical flexibility, higher order of non-
linear susceptibility, enhanced mechanical robustness, ther-
mal stability, wide transparency range and high laser dam-
age threshold [3]. As a result, growth and characterization
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of semi organic crystals has become a subject of perpetual
concern to enable them to be utilized prolifically in NLO
device fabrication. Among the semi-organic NLO materi-
als, metal complexes of thiourea have attracted consider-
able attention of researchers because the centrosymmetric
thiourea molecule becomes non-centrosymmetric on metal
coordination which is an essential prerequisite for a crys-
tal to exhibit non-linear optical activity [4]. The synthesis
and systematic characterization of certain well known thio-
urea based semi-organic NLO materials have been reported
in literature which include tris(thiourea) zinc selenate [5],
bis(thiourea) zinc acetate [6], bis(thiourea) lead chloride
[7], bis(thiourea) zinc chloride [8] and bis(thiourea) stron-
tium chloride [9]. In this regard, an attempt has been made
to grow and characterize bis(thiourea) antimony tribromide
(BTAB-for convenient notation) single crystals, for which
only limited characterization details are available in litera-
ture [10].

In the crystal growth regime, characterization of a mate-
rial has a pivotal role as the growth itself. The aim of the
present research work is to grow and characterize high
quality BTAB single crystals. In a broader spectrum, the
focus will be on evaluating the growth parameters and ana-
lyzing the physico chemical properties of BTAB crystals.
The etching studies and elemental analysis have been car-
ried out as a part of this present study. Further investiga-
tions on the optical properties of the BTAB crystal have
also been carried out and the findings related to the opti-
cal constants and oscillator parameters have been reported.
The second harmonic generation (SHG) and phase match-
ing nature of the title crystal have been tested and the infer-
ences have been discussed. The photoconductivity nature
and birefringence patterns of the crystals have been ana-
lysed. An extensive study on the mechanical parameters
of the crystal has been carried out. A detailed study on the
electrical behaviour and solid state parameters of BTAB
has been done and the results have been further correlated
with its NLO device fabrication suitability.

2 Material and Methods

2.1 Synthesis, Meta Stable Zone Width and Induction
Period Measurements of BTAB

The synthesis of BTAB has been performed by taking ana-

lytical grade thiourea and antimony tribromide in the ratio
of 2:1, as per the following chemical reaction.

SnBr; + 2CS [NH,| ) = Sn|[CS (NH2)2] ,Br3

HBr is added to the reaction mixture to provide an
acidic environment (pH=35.1) to avoid the antimony

trioxide formation which will hinder the crystal forma-
tion. To avoid co-precipitation of multiple phases, the
solution was thoroughly stirred using a magnetic stirrer.
Recrystallisation method has been adopted to enhance
the purity of the product. For the selection of optimum
temperature and suitable solvent for any crystal growth
mechanism, conducting a solubility test is always pre-
ferred. Moreover the crystal size is primarily dictated by
the amount of the sample present in the solution and its
solubility in the available solvent. The solubility study
has been done by taking water as the solvent and the syn-
thesized BTAB as the solute. A constant stirring of the
resultant solution has been continued using a motorized
stirrer at 303 K in a constant temperature bath controlled
to +0.1°C accuracy, After the point of super-saturation,
the equilibrium concentration of the solute has been
analyzed gravimetrically, in which a sample of the clear
supernatant liquid has been pipetted out and a weighed
quantity of the sample has been analyzed for the solute
content. The procedure has been repeated for other tem-
peratures (308, 313, 318 and 323 K) also and the results
have been recorded. By making use of the solubility test,
the saturation solutions of BTAB have been prepared.
By following the concepts of conventional poly-thermal
method [11], the saturated solution has been cooled from
the preheated temperature and the first visible critical
nucleus formation temperature has been noted down.
This is taken as the nucleation temperature of the crystal.
The meta stable zone width value has been deduced from
the difference between the nucleation temperature and
saturation temperature. For growing good quality crys-
tals, higher meta stable width is preferred. The solubil-
ity and nucleation curves are shown in Fig. 1a. The solu-
bility curve exhibits a positive gradient. The isothermal
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Fig. 1 a Solubility and nucleation curves of bis(thiourea) antimony
tribromide. b As grown crystal of bis(thiourea) antimony tribromide
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method [12] defines the induction period as the time
taken for critical nuclei formation at a specific tempera-
ture. Hence, to modify and control the nucleation rate of
any crystal, knowledge of the induction period will be of
vital importance. For all the five temperatures (303, 308,
313, 318 and 323 K) the values of induction period have
been measured by isothermal method and experiments
were done repeatedly to ascertain the correctness of the
observed induction period values.

2.2 Crystal Growth

BTAB crystals have been grown from the saturated solution
by slow evaporation method. Using Whatman filter paper,
the solution has been filtered thoroughly into a clean glass
beaker. The solution in the beaker was covered tightly with
a perforated polythene sheet to restrict the fast evaporation
and kept undisturbed in a dust free environment. Crystal-
lisation took place within 33-35 days. When the crystals
attained suitable size and shape, good quality yellow col-
oured BTAB crystals have been harvested. Figure 1b shows
the photograph of the grown crystal BTAB.

2.3 Characterization

Enraf (Bruker) Norius CAD4 diffractometer with Mo Ka
(,=0.7170 A) has been employed for single crystal X-ray
diffraction analysis. Elemental analysis was achieved by
Perkin—Elmer series-1I-2400 CHNS/O elemental analyser.
Magnus MLX optical microscope in the reflective mode
was the tool utilized for etching studies of BTAB crys-
tals. The UV-Vis spectrum of the crystal was obtained
from Shimadsu UV-106 spectrometer in the region of
180-800 nm. Mechanical analysis was done with the aid of
Leitz—Wetzler hardness tester. Quanta ray spectra physics
Nd:YAG laser has been employed in the studies on phase
matching SHG by Kurtz method. The results of dielectric
studies in the frequency range of 50 Hz—5 MHz have been
obtained by Hiocki model 3532-50 LCR Hitester instru-
ment. The photoconductivity studies on the crystal have
been performed by a Keithley 480 picoammeter. The bire-
fringence studies were done by Modified Channel Spec-
trum methodology using He—Ne laser source.

3 Results and Discussion

3.1 X-ray Diffraction Studies

X-ray diffraction study is the reliable and widely used tech-
nique to ascertain the lattice parameters and provide valu-

able information regarding the structural details of a grown
crystal. The results of single crystal X-ray diffraction
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study on BTAB pointed out the values of its axial cell
lengths as a=12.269 A, b=11.671 A, c=18.620 A and
v=2666.225 (A)’. The interfacial angles have been found
to be a=P=y=90°. The XRD results suggested that the
BTAB crystal belongs to orthorhombic system and Cmc2,;
space group. The observed values have been found to be
consistent with the reported literature values [10].

3.2 Nucleation Kinetics

The nucleation kinetics study will provide idea on crucial
parameters for getting good quality crystals. An extensive
knowledge of super saturation, controlled nucleation rate
and optimal crystal growth parameters can be obtained
from the nucleation study. Another interesting aspect of
this nucleation studies is that it can also be used to test the
validity of various nucleation theories.

3.2.1 Critical Nucleation Parameters

The interracial surface energy prevailing between the crys-
tal and the surrounding saturated solution can be consid-
ered as a pivotal factor in determining the rate of nucleation
and crystal growth [13]. The classical theory of homogene-
ous spherical nucleus formation [14] points out a relation-
ship between the induction period (t) and interfacial sur-
face energy (y) as

Int = —InB + [1677°V*N, /3R*T’(In S)’] N

where B is constant, V is molar volume, N, is Avogadro
number, R is gas constant and S is the ratio between the
mole fractions of solute in the super saturated (C) and satu-
rated (C,) solution at temperature (T) which is known as
super saturation ratio. Since In B weakly depends on tem-
perature, the experimental values of interfacial surface
energy can be calculated from the modified version Eq. (1)
as,

1/3

y = BR*T*(InS)* In7/167 V>N, | )

The crystallization process is also depending on the
Gibbs free energy change (AG) between the crystal and
solution. The expression for this free energy change in ren-
dered by homogeneous spherical nucleation theory [15] as,

AG = 4xr’y + (4/3)7° AG, 3)

where r=radius of the nucleus and AG,, a negative quan-
tity, is the energy change per unit volume. The chemi-
cal potential difference between the crystal and its mother
liquor is testified by the first term and the new surface
formation is signaled by the second term. According to
classical nucleation theory, as the nucleus grows in size,
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AG increases, reaches a maximum value and then starts
decreasing. The nucleus size which corresponds to maxi-
mum AG value is known as critical nucleus. At this critical
state, the radius of the critical nucleus (r¥) is given by

" = -2y /AG, 4)
where AG,=—(kT In S)/v (v is the specific volume of the
solute).

The number of molecules in the critical nucleus is
known as critical number (i*), is given by

i* = 4x(*)’ /3v )

The expression to deduce the value of Gibbs free energy
change for the formation of the critical nucleus (critical
free energy barrier, AG™) is

AG* = 16y°V? /3K°T*(In S)* (6)

The number of critical nuclei formed per unit time per
unit volume can be considered as the rate of nucleation (J),
which can be calculated from the expression,

J=A exp (-AG*/KkT) 7

where A is constant whose value is 10°°. By substituting
the corresponding values in Egs. (2-7), the experimental

Table 1 Nucleation parameters of BTAB crystals

values of interfacial surface energy, free energy change,
radius of critical nucleus, critical number, critical free
energy barrier and rate of nucleation have been arrived at
and tabulated in Table 1.

3.2.2 Validation of Modern Nucleation Theory Models

Various modern nucleation theories suggested the different
models and expression for calculating the interfacial surface
energy. For validation purpose, we have chosen three such
theories. As per Bennema [16] model,

y = (kT/a?)[0.173 — 0.248 In (X, )] ®)

where T is the temperature in Kelvin, k is the Boltzmann’s
constant, X, is the mole fraction of the solute and a=6V/x,
where V is the molar volume.

In the view of Christoffersen et al. [17],

y =0.282x (kT/d*) x1n (C/C,) )

where d is the mean diameter of ions.
While Nielson and Sohnel [18] model concluded,

y = (kT/hd*) x In (C/C,) (10)

Saturation Nucleation Meta stable Super saturation  Free energy Critical free Critical Critical Nuclea-
temp. (K) temp. (K) zone width ratio (C/C) change (AG,) energy (AG,) radius (r*) number (i*)  tion rate
(x10°) (x10729 (nm) )
I/m?) @ (%1077
(nuclei/s/
vol)
303 299.2 3.8 1.2 —2.287 2413 1.714 63.303 3.117
1.3 -3.292 2319 1.499 42.282 3.901
14 —4.221 2.230 1.361 31.699 4.830
1.5 —5.087 2.176 1.269 25.667 5.497
308 303.6 44 1.2 -2.325 2.447 1.713 63.164 3.157
1.3 —3.346 2.347 1.496 42.099 3.995
1.4 —4.291 2.248 1.358 31.434 5.050
1.5 -5.171 2.195 1.266 25.472 5.719
313 307.5 5.5 1.2 -2.363 2477 1.711 62.917 3.229
1.3 —-3.400 2.375 1.494 41914 4.094
14 —4.361 2.266 1.354 31.187 5.264
1.5 —5.255 2213 1.262 25.269 5.959
318 313.5 4.5 1.2 —2.401 2.505 1.708 62.629 3.315
1.3 —3.455 2.404 1.492 41.755 4.180
14 —4.430 2.286 1.351 30.963 5.467
1.5 -5.339 2.229 1.259 25.058 6.220
323 318.7 4.3 1.2 —2.438 2.536 1.706 62.407 3.383
1.3 -3.509 2.426 1.489 41.49 4.325
14 —4.500 2.297 1.346 30.626 5.785
1.5 —5.423 2.227 1.252 24.639 6.770
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Table 2 Values of inter facial surface energy (y) for BTAB crystals
(mJ/m?)

Saturation Experi-  Christof- Nielson—  Bennema model
temperature  mental fersen Sohnel

(K) value model model

303 2.632 2.378 2.479 2.826

308 2.670 2417 2.521 2.873

313 2.708 2.456 2.562 2919

318 2.745 2.495 2.603 2.966

323 2.779 2.535 2.644 3.012

Table 3 Elemental analysis of BTAB

Elements C H N S
Experimental value % 4.59 1.52 10.86 12.54
Calculated value % 4.68 1.57 10.91 12.48

where h is the hydration number varying from 3.4 to 5.

The interfacial surface energy values that have been
calculated experimentally have been proved to be in good
agreement with the values deduced from the Egs. (8-10)
and are presented in Table 2. It has been learnt from the
Tables 1 and 2 that the super saturation and temperature
share an inverse relationship with free energy change,
critical radius and critical number. Anyhow with increas-
ing temperature and super saturation, interfacial surface
energy and nucleation rate were increasing. The data
in Table 2 provide us with the proof of the agreement
between the experimental and theoretical values of inter-
facial surface energy values. Hence we can state that the
evaluated nucleation parameters obtained in the present
study facilitate the optimal growth of BTAB crystals.

3.3 Elemental Analysis

A great deal of information regarding the purity and
the stoichiometry of the sample can be furnished by the
elemental analysis. BTAB crystal has been subjected
to elemental analysis for its carbon, hydrogen, nitrogen
and sulphur content which established the stoichiometry
of the crystal Sb[CS(NH,),],Br;. Table 3 shows that the
experimental and calculated values of C, H, N and S pre-
sent in the sample are in concordance with each other.
This trend actually recognizes the purity of the BTAB
crystal. Rhodamine B spot test [19] has been performed
to check the presence of antimony in the sample and the
same has been inferred by the resultant violet coloration.

@ Springer

3.4 Ultra Violet Spectral Analysis

Presently, the optical properties of NLO materials are
the subject of keen interest, in response to the increasing
demand for optoelectronic devices that may function suc-
cessfully at the processing wavelengths. The UV-Vis
transmittance analysis plays an important role in identify-
ing the potential of a NLO crystal because any crystal can
be of practical applicability only if it shows a wide trans-
parency window without any absorption at the fundamen-
tal and second harmonic wavelengths [20]. From the UV
transmittance spectrum (Fig. 2a) of the BTAB crystal, one
may notice that the lower cutoff region has been obtained
at 249 nm and a steady transmittance of 85% has been
exhibited in the visible region. These values enumerate the
crystal’s prominence for laser frequency doubling and pho-
tonic applications in UV and visible region. The = orbital
electron delocalization caused by the mesomeric effect
of thiourea complex is responsible for its NLO behaviour
and high absorbance (low transmittance) in the UV region
below its cutoff wavelength [21, 22]. Further, the BTAB
crystal proves its usefulness in optical harmonic generation
related applications with its wide transparency window.
Theoretically, the band gap (E,) can be obtained by using
the expression.

E, =hX(c/4) (11)

where h is Planck’s constant, ¢ is the velocity of light
and A is the cut-off wavelength. The high band gap value
(4.96 eV) calculated from the above equation recognizes
the suitability of BTAB for various optoelectronic device
fabrications.

An established method, known as Tauc’s plot method
is a versatile tool to verify the correctness of the band gap
calculated theoretically. As per Tauc’s relation [23],

ahv = f[hv —E, |" (12)

where hv is photon energy, E, is the optical energy band
gap, P is a constant, m carries values depending on the
nature of electronic transitions [24] and « is the adsorption
coefficient such that

a = (2.303/t) x log (1/T) (13)

where t is the thickness of the crystal. In order to decide
the value of m in Eq. (12) the type of transitions between
various energy levels must be predicted. For direct allowed
transition and direct forbidden transition, the m value will
be 0.5 and 1.5 respectively. In the case of indirect allowed
and indirect forbidden transition, the value of m becomes 2
and 3 respectively [25].

To know the type of transition, we are considering the
differential form of Eq. [12] as,
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[din(ahv)/d(hv)] = [m/hv - E] (14)

On plotting [dIn(ahv)/d(hv)] vs. hv (Fig. 2b), we
encountered a distinct discontinuity at a particular value
of hv where a most probable optical transition would have
occurred with respect to a particular optical band gap [26]
whose value was observed as 4.9 ev. A graph of In (ahv)
vs. In (hv—E) was drawn (Fig. 2¢) and the resultant points
were subjected to linear fitting. The slope (0.47) of the
resultant linear fit curve has been taken as the value of m.
The closeness of m value to 0.5 indicates the occurrence of
direct and allowed electronic transitions in BTAB crystals.
For direct allowed transitions, the Eq. (12) becomes

ahv = ghv - E,y| " (15)

The Tauc’s plot which is dealing with variance of (ohv)?
with respect to the photon energy has been shown in
Fig. 2d. The experimental E, value can be obtained by the
extrapolation of the linear part of the graph [27].

From the extrapolated line, the band gap energy of
BTAB has been determined as 4.96 eV which is in very
good agreement with the theoretical E, value. As the pres-
ence of lattice defects pulls down the band gap value [28],
higher E, value of BTAB infers that crystal is having mini-
mal defect concentration. The higher value of transmittance
showed by BTAB can also be considered as a result of this
wide band gap [29]. Urbach relationship [30] is employed
to typify the nature of adsorption coefficient in the expo-
nential edge region as,

a(hv) = ayexp (hv/E,) (16)

where o is constant and E is Urbach’s energy.

Urbach’s energy is calculated by taking inverse of the
slope of the plot drawn between In (a) vs. hv (Fig. 2e).
Whenever the dislocations, defects and thermal vibrations
create tailing of energy states in the energy gap, as a con-
sequence, this Urbach’s energy value would be increased.
Hence the lower E value is an indicator of high crystallin-
ity. In the case of BTAB, the obtained lower E, (0.16 eV)
value attested the good crystalline nature of the crystal
[31]. The evaluation of crucial optical constants like reflec-
tance, refractive index, optical and electrical conductivities,
extinction coefficient and electrical susceptibility serves as
a mean of appreciating the usefulness of NLO materials in
photonic devices. Reflectance (R) is the ratio of the energy
of the reflected light to incident light. The refractive index
(n) is the ratio of the speed of light in vacuum and that of
the experimental medium which can be closely related with
the symmetry and structure of a crystal. When an electro-
magnetic radiation falls on a material, the way in which the
material respond to the frequency of the incident radiation

may be expressed in terms of its optical conductivity (c,,)
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and electrical conductivity (c,). Due to the phenomenon of
scattering and absorption, there may loss in the intensity of
incident radiation. When it is measured for an unit distance
in a medium, it gives the value of extinction coefficient (K).
These inter related optical constants may be easily deduced
by making use of standard formulae reported in literature
[32] as,

R exp (—at) + \/exp (—at)T —exp (=3at)T + exp (—2at)T = T
- exp(—at) + exp (=2 — at)T

(17)
n=[-R+Dx2VR]/R- 1] (18)
Oop = AC/47 (19)
6. = 20,/ 20)
K = Aa/dx 1)

The values of the real (g,) and imaginary (g;) parts of
dielectric constant have been deduced as,

g, =n* —K? (22)

g =2nK (23)
Further, the electrical susceptibility (y) can be deduced
as,

X = [nz—KZ— (£r+£i)]/47r (24)

The dependence of reflectance and refractive index
on wavelength is shown in Fig. 3a, b respectively. A nor-
mal dispersion behaviour has been observed in the plot
where with increasing wavelength the indices of refraction
decrease and becomes saturated. From the Fig. 3c, depict-
ing the variance of conductivity with photon energy, one
may notice optical conductivity increases with increase in
photon energy. The behaviour of extinction coefficient and
electrical susceptibility with respect to photon energy has
been portrayed in Fig. 3d. The calculated optical constant
values have been tabulated in Table 4.

The single effective oscillator model suggested by Wem-
ple-Didomenico [33] has been utilized to deduce the values
of dispersive constants which are playing significant role
in optical communication and spectral dispersion devices
[34].

The model relates the dispersive refractive index [n*(E)]
with dispersion energy (E,) and average excitation or oscil-
lator energy (E,) as,

[W*(B)] = 1+ [E,Ey/ (B — E*)] (25)
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where E=hv. The slope (—1/E,E,) and intercept (Ey/E,)
values of the graph (Fig. 3e) plotted between (n>~1)~! vs.
(hv)? have been utilized to deduce the values of E, and
E,. From the values of E; and E,, other oscillator param-
eters such as the oscillator strength (f), inter band transi-
tion strengths (M_; and M_j,), static dielectric constant (g)

and static refractive index (n,) can be computed using the

expressions [35-38],
f=EE, (26)

M_, =E,/E, 27
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Table 4 Optical constant values of BTAB

Parameter Symbol Values
Reflectance (%) R 10.79
Refractive index n 1.98
Urbach’s energy (eV) E, 0.16
Real part of dielectric constant €, 3.92
Imaginary part of dielectric constant (107) € 3.19
Electrical susceptibility X 0.31
Optical conductivity (10° Qm)™! Sop 5.99
Electrical conductivity (Qm)~! o, 75.59
Extinction coefficient(10~°) K 8.07
3
M_; =E,/(E,) (28)
g, =1+M_, (29)
1/2
n = (&) (30)

The values of single oscillator parameters have been tab-
ulated in Table 5.

The desirous and optimal values of the optical constants
and oscillator parameters given in Tables 4 and 5 testify the
crystal’s applicability in NLO and semi conducting device
applications which include anti reflectors, optical comput-
ing applications, spectral dispersive instruments and fast
information processing devices [39].

3.5 Etching Analysis

The process of etching can be described as the selec-
tive dissolution of the crystal by an etchant. The capabil-
ity of revealing etch pits by a solvent on a particular face
of a crystal depends on the crystallographic orientation
and the symmetry of the crystal face [40]. It is a reverse

Table 5 Single oscillator parameter values of BTAB

Parameter Symbol Values
Dispersion energy (eV) E, 17.45
Average excitation energy (eV) E, 6.91
Oscillator strength (eV)? f 120.48
Inter band transition strength M_, 252
Inter band transition strength (eV)~2 M_; 0.053
Static dielectric constant £ 3.53
Static refractive index n 1.88

@ Springer

phenomenon of crystal growth. Etching studies serve as an
excellent tool for assessing structural perfection and accom-
panied growth features of a grown crystal. The patterns
obtained from the etching analysis are of unique nature
and are providing useful information on the growth pattern
and growth mechanism of the crystal [41]. Etching analy-
sis on BTAB crystal has been carried out using water etch-
ant at room temperature. The etching duration was for 10 s.
The etched surfaces were dried by gently pressing them
between two wrinkle free tissue paper. The microstructure
of the dried crystal has been observed under a reflection
mode optical microscope. The recorded etch pattern with
rectangular hillocks due to layer growth as shown in Fig. 4,
suggested the two-dimensional nucleation mechanism with
less dislocations [42].

3.6 Phase-Matching and NLO Properties

In the case of bulk crystals to be considered for any SHG
device applications, their phase matchable capability will
be an added advantage. The phase matching nature of a
NLO material is defined as the increase in SHG intensity
with the rise in particle size up to a threshold size (aver-
age coherence length) and attainment of constant value
thereafter. But in the case of non phase-matchable materi-
als, after the coherence length, SHG varies inversely with
the particle size [43]. Hence, only the bulk crystals with
phase matchable nature will have the inherent tendency
to allow the SHG to increase monotonically as the beam
passes through them. The phase matching nature and SHG
efficiency of the title compound has been analyzed by and
Kurtz—Perry SHG test [44]. A Q switched Nd:YAG laser
beam (A=1064 nm) with an input power of 3 ml/pulse,
along with 8 ns pulse width a repetition rate of 10 Hz has
been employed in the analysis. The standard sample taken

Fig. 4 Etch pattern of BTAB crystal
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Fig. 5 Comparison of phase matching SHG efficiency of BATB and
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was Potassium dihydrogen phosphate (KDP). The BTAB
and KDP samples where powdered in to various grain size
(<63, 63-125, 125-250, 250-345 and >345 pm) using
standard sieves and filled densely and tightly in sepa-
rate micro-capillary tubes. The polarized laser beam was
directed on the samples. The SHG output of wavelength
532 nm, as green light emission, has been detected by
the photomultiplier rube which ascertained the frequency
doubling efficiency of the samples. From the Fig. 5, show-
ing the SHG output values for BTAB and KDP, the phase
matching nature of BTAB has been established as its SHG
efficiency is increasing up to a size of 250 and after that
attaining a constant value. Considering the average values
of SHG, it is also interesting to note that the SHG effi-
ciency of the BTAB crystal is 2.08 times that of standard
KDP crystal.

3.7 Birefringence Studies

Birefringence is defined as the difference between the two
refractive indices of ordinary and extraordinary rays. The
birefringent crystals deserve a special mention in the field
of linear and non-linear optics owing to their viable appli-
cability in the devices like polarization manipulations, light
modulator, optical sensors and liquid crystal display units
[45]. The qualitative assessment of the crystals through
birefringence measurement has been established in litera-
ture [46]. The BTAB plates for birefringence analysis have
been prepared by cutting and polishing the surface of the
crystals and have been used for the Modified Channel Spec-
trum (MCS) experiment [47]. The crystal plate has been
placed between the polarizer and analyser. Then the beam
from He—Ne laser source has been made to pass through
the crystal plate. Depending on the crystalline nature of
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Fig. 6 a Observed fringe pattern for BTAB crystal. b Plot of birefrin-
gence values vs. wavelength

the plate, the transmitted light from the analyser undergoes
interference and creates a characteristic fringe pattern on
the screen. The obtained birefringence interferogram pat-
tern has been given in Fig. 6a. The regular and uniform
fringe pattern authenticated the defects free nature of the
crystal with high optical quality. The pattern also signified
the homogeneity of refractive index of the material. From
the known values of the plate thickness in mm (t), corre-
sponding wavelength (A) and fringe order (k), the birefrin-
gence values (An) have been calculated by the expression,

An = kA/t 31)

The obtained values of birefringence have been plotted
against the wavelength. The trend of the graph, as given
in Fig. 6b, showing inverse relationship between birefrin-
gence and wavelength is called as negative dispersion of
birefringence. The negative dispersive materials find their
applications in the laser medium to balance the positive
dispersion [48]. The plot shows almost a straight line and
indicates that the crystal has highly oriented nature with
lesser disorder. The high crystalline nature of the sample
and its suitability to be used in harmonic generation devices
has been further evidenced by the low birefringence value
[49] of 0.118 at the wavelength of 532 nm. Further, in the
wavelength range of 480—600 nm, the crystal exhibited the
birefringence value from 0.114 to 0.121 which is a nominal
variation which supported the suitability of BTAB in SHG
and polarization devices.

3.8 Photoconductivity Studies
The electrical conductivity exhibited by a material on

exposure to various electromagnetic radiations is known as
photoconductivity. If the conductivity is enhanced by these
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radiations, it is known as positive photoconductivity and if
it is suppressed, it is known as negative photoconductiv-
ity. By following the photoconductivity experimental set
up available in literature [50], studies on the BTAB single
crystals have been carried out by connecting the sample
in series with a dc power supply and a Keithley 480 pico
ammeter at the room temperature. After shielding the sam-
ple from all radiations, the dark current (I) of the crystals
has been recorded by applying field voltage of 0—1000 V.
Then the sample has been illuminated with halogen lamp
source of 100 W with the same field voltage and the photo
current (Ip) in pico ammeter has been recorded. The field
dependent nature of dark and photo currents of BTAB
has been shown in Fig. 7. The negative photo conductiv-
ity of the BTAB crystal has been witnessed from the graph
in which the dark current is more than the photo current
for the same applied field. As per Stockmann model, this
trend of negative conducting nature of the crystal may be
attributed to the reduction in the number or life time of
charge carriers in presence of radiation [51]. Since the role
of negative photo conducting materials has been favorably
established in the field of IR and UV detectors, semicon-
ductor laser technology and optoelectronics [52], BTAB
crystals stand a good chance of being utilized in the fore-
said domains also.

3.9 Dielectric Studies

The dielectric characteristics of the crystals are very impor-
tant to analyze the lattice dynamics present in them [53].
The study further gives insight into the charge transport
mechanism of a material. Non-linear polarization of the
crystals with respect to the applied electric field causes
the phenomena of non-linear optics to arise. The polariza-
tion of the crystals with respect to the applied electric field
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Fig. 7 Field dependent nature of dark and photo current of BTAB
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forms the base for dielectric measurements. In view of this,
for BTAB crystals, the dielectric measurements have been
carried out at the frequency regions of 50 Hz-5 MHz at
various temperatures. The dependence of dielectric con-
stant values on applied frequency at various temperatures
has been plotted in Fig. 8a which shows at lower frequen-
cies the dielectric constant values are higher. On the other
hand, the dielectric constant values continuously decrease
with increment in frequency. This trend can be explained
by the fact that at low to moderate frequencies, it would be
easy for the dipoles to respond and align themselves with
the applied alternating electric dipoles whereas at higher
frequencies the dipoles cannot cope up with changing elec-
tric field. In addition to this effect, space charge polariza-
tion resulted from the accumulation of charge at the elec-
trode—sample interface also considered to be the reason
for the trend in low frequency zone [54]. In a similar way,
at higher frequency zones, suppression of charge carrier
contribution due to the high occurrence of periodical rever-
sal at the electrode—sample interface would have resulted
in lower values of dielectric constant values [55]. The plot
of dielectric loss vs. frequency has been shown in Fig. 8b.
The presence of space charge effect may be suitably rea-
soned for the higher loss value at lower frequencies and
quenching of the space charge effect at higher frequencies
resulted in the lowering of dielectric loss values [56]. Good
quality and defects free nature of the crystal has been evi-
denced by the low dielectric loss at high frequency [57].

The alternating current conductivity o, is calculated by
the relationship,

0, = 2rfe e, tan o 32)

where f is the frequency of applied field, g, is the abso-
lute permittivity in free space, €, is the real part of dielec-
tric permittivity and tand is loss tangent. The activation
energy (E,) of the electrical process can be obtained from
an Arrhenius plot using the equation,

G4c = 00 exp (—E, /KT) (33)

where k is Boltzmann constant and o, implies the conduc-
tivity at temperature T. From the slope obtained from a plot
between In o,. vs. 1000/T, as shown in Fig. 8c, the activa-
tion energy (E,) values may be deduced as,

E, = (—=Slope) x 1000 X Boltzmann constant (34)

For the applied frequencies of 1, 5, 10, 50 and 100 KHz,
the activation energy has been calculated as 0.119, 0.067,
0.048, 0.035 and 0.025 eV respectively. Such low value of
activation energy is one of the salient features of the crystals
with minimum defects and high crystallinity [58]. The SHG
efficiency of a material may be further evidenced by certain
special properties such as valence electron plasma energy
(hwp), Penn gap (Ep), Fermi energy (Ep) and polarisability
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(or,) which are collectively grouped as solid state parameters.
With respect to BTAB crystals, from the values of its density
(p=2.6480 g cm™), number of valence electrons (Z=74),
molecular weight (M =513.72) and saturated dielectric con-
stant value (e, =24.1), it is possible to arrive at the values
of these solid state parameters by the following expressions
(591,

a, = [(hw,)*Sy/ {(hw,)*Sy + 3E}}] x (M/p) X 0.396 x 107

(35)
where S is a material specific constant. Further,
hw, = 28.8((Z.p)/M] " (36)
where h=h/2r, ©, is the plasma angular frequency.
Ep = hcop/(eoo_l)l/2 (37)

Sy = 1 — {(Bp /4Bg)} + {1/3} (Ep/4Eg) "/ (38)

Ep = 0.2948 (ha,) "’ (39)

Yet another form of polarisability calculation has been
in the form of Claussius—Mossotti equation [60] as,

a, = (BM/47NDp) X (€41 /€0042) (40)
where N is Avogadro number.

The value of o, can also be deduced from the value of
band gap (E,) [61] as per the expression,

a, = [1 - <\/Eg/4.06)] x (M/p) x 0396 x 1072 (41
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Table 6 Solid state parameters of BTAB

3.10 Mechanical Studies

Parameters Symbol Values
The hardness of a material is defined as the resistance it
Plasma energy (eV) hop 17.79 offers to the motion of dislocations, deformations or damage
Penn gap (eV) Ep 3.70 under an applied stress [62]. The micro indentation hardness
Fermi energy (eV) Eg 13.69 studies provide valuable information on the glide, deforma-
Material constant So 0.94 tion, cracks, grain boundary hardening, anisotropy, dispersion
Polarisability by Penn gap (107> cm?) % 6.75 of impurity, environment of dislocation mobility and quench
Polarisability by Clausius-Mosotti equation % 6.81 hardening effect of irradiation [63]. In the process of Vicker’s
(x107 em’) hardness testing, crack free and smooth crystal of BTAB was
Polarisability by band gap energy (10" em’) @, 347 mounted on the microscope base and indentations have been

made gently on the crystal at room temperature with the loads
varying from 25 to 100 g in steps of 25 g for an indentation

The obtained solid state parameter values have been  time of 10 s. For each load five well defined indentations
tabulated in Table 6 and the higher values of polaris-  were measured and the average diagonal length (d in mm)
ability and related parameters signify the NLO nature of  has been employed to calculate the hardness number (H,)

BTAB crystals.

from the equation,

H, = 1.8544P/d’, (42)
a b
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Table 7 Mechanical parameters of BTAB
Load, P (gm) Hardness Elastic stiff-  Yield Moh’s hardness  c/a Type of Fracture  Brit- Elastic Modulus
number, H, (Kg/ ness constant, strength  number value crack toughness tleness (E)
mm?) C, Gy Keo) index
(GPa) (Gpa) (@pm'?) (B
(103
pm="2)
25 67.80 15.70 2.36 2.75 1.53  Palmqvist 17.75 3.82 193.34
50 71.07 17.05 247 2.79 1.77  Palmqvist 34.55 2.06 202.67
75 74.35 18.46 2.59 2.83 1.85  Palmqvist 54.05 1.38 212.03
100 78.03 20.08 2.72 2.88 2.01  Palmqvist 70.17 1.11 222.52
where P is the applied load in Kg. A plot of H, vs. P
PP & AP v E = 81.9635H, (46)

(Fig. 9a) indicates the reverse indentation size effect in
which the hardness number increases with increasing load
[64]. Actually, in the initial stages of low loads, plastic
deformation of crystals involves nucleation of dislocations
along a particular slip system. At higher loads, dislocation
multiplications, cross-slip phenomenon and Frank—Read
sources are becoming predominant and resulting in an
increase in hardness value with applied load [65].

As per Meyer’s law [66], if the Meyer’s index value is
greater than 2, such material will show RISE pattern [64].
The Meyer law states that

P =k,d" (43)

where k, is the material constant and n is Meyer’s index.
The slope of a graph drawn between log P and log d
(Fig. 9b) gives the value of n. As per Hays—Kendall’s the-
ory [67],

P-W =k,d’ (44)

where W is the minimum load to initiate plastic deforma-
tion (Newtonian resultant pressure) and k, is a load inde-
pendent constant.

The slope and intercept of the graph drawn between P and
d? (Fig. 9c) are giving the value of W and k, respectively.
This theory also suggests that the negative intercept of such
graph will result in RISE pattern. Thus the results of Mey-
er’s relation (n=2.22) and Heys—Kendall’s relation (inter-
cept=—6.41) further support the RISE pattern exhibited by
the BTAB crystal. Based on the n value, Onistch [68] clas-
sified the materials into soft and hard materials. According
to this rule, the hard materials will have n value between 1
and 1.6 and the soft materials will have n value >1.6. Hence,
BTAB has been found to be coming under soft material
category.

The value of hardness number is also used to calculate
the elastic stiffness constant (C;,), elastic modulus (E), yield
strength (oy) and Mohs hardness number by the expressions
[69-71],

c, = (n,)" (45)

oy = {Hy/2.9} x {[1 = (0 = 2)] x [125(0 = 2)/1 = (n = 2)]" "}

47

1/3
Hy = 0.675 x (H,) (48)
Another important mechanical parameter, fracture

toughness (K() is used to indicate the extend of fracture
stress exerted on the material under consistent loading.
As per Proton-Rawling classification [72], Median type
of cracks will prevail in the crystals having the c/a ratio
(where c is the crack length in pm and a=d/2) greater than
or equal to 2.5 whereas the crack type will be Palmvist
if the ratio is <2.5. The hardness analysis on BTAB sug-
gested the Palmqvist cracks whose K is given by,

K¢ = kPa/1'/? (49)

Such that, 1=c —a, k is the constant whose value is equal
to 1/7 for the Vickers indenter. Yet another mechanical con-
stant, known as Brittleness index (B;) gives an idea about
the fracture induced in a material, is calculated from the
expression [73],

B, = Hy /K¢ (50)

The calculated important mechanical parameters have
been tabulated in Table 7. As the hardness value is high,
more stress is required to form dislocation and hence the
higher hardness values indicate crystalline perfection of the
sample. Higher value of elastic stiffness constant attests the
higher strength of binding forces [74] and higher value of
elastic modulus and fracture toughness typify greater rigid-
ity of the crystals [70].

4 Conclusion
The semi organic non-linear crystals of bis(thiourea)

antimony tribromide single crystals have been success-
fully grown by the slow solvent evaporation technique
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using water solvent. The values of calculated nucleation
parameters such as meta stable zone width, induction
period, interfacial surface energy, critical free energy,
free energy change, critical radius, critical number and
nucleation rate supported the preferred growth of the
BTAB crystals. The axial lengths, orthorhombic struc-
ture and Cmc2, space group have been inferred by single
crystal X-ray diffraction analysis. The elemental analysis
has been performed in order to elucidate the constituents
and composition percentage of BTAB crystal. The values
of various optical and oscillator parameters comprising
of transmittance, band gap energy, reflectance, refrac-
tive index, extinction coefficient, optical conductivity,
susceptibility, Urbach’s energy, dispersion energy, aver-
age excitation energy, static refractive index and oscilla-
tor strength have been computed through the UV spec-
tral studies in order to verify the required NLO quality of
the crystal. The layer growth two dimensional nucleation
mechanism has been revealed by etching analysis. Con-
firming the phase matching nature of the BTAB crystals,
the Kurtz—Perry technique also indicated that BTAB has
2.02 times SHG efficiency as that of standard KDP. The
photo conductivity studies resulted in the negative photo
conductive nature of BTAB crystal which enables its uti-
lization in optoelectronic devices. The uniform fringe
pattern and low birefringence value of BTAB have sig-
naled the suitability of the crystal in optical devices. The
defects free nature of the crystals has been further indi-
cated by its low dielectric constant and dielectric loss at
higher electrical frequencies. The lower activation energy
of electrical process testified the homogeneity and crys-
tallinity of the crystal. The derived solid state param-
eters like polarisability, Fermi energy and Penn gap have
further provided evidence for the SHG efficiency of the
BTAB crystals. The mechanical parameters (hardness
number, Meyer’s index, elastic stiffness constant, yield
strength, fracture toughness, elastic modulus and brit-
tleness index) resulting from Vicker’s micro hardness
analysis proved the mechanical strength of the BTAB
crystal needed for laser applications. Thus, based on the
findings discussed above, the suitability and reliability of
BTAB crystals in NLO applications have been effectively
justified.
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