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ABSTRACT

Single crystals of pure and NaCl doped sulphamic acid (SA) were grown by slow evaporation method at room
temperature. The lattice parameters and structure were determined by using single crystal and powder X-ray
diffraction analyses. The presence of dopant in the SA lattice was affirmed by EDAX analysis. UV-Vis spectra show
maximum transmittance in the visible region. The band gap energies were found to be 6.06 eV and 5.70 eV for
pure and NaCl doped SA crystals respectively. From the PL specta the emission were observed at 335 and 424 nm
for pure and 340 and 428 nm for doped SA crystal. The thermal stability of the grown crystals were analyzed by
thermogravimetric and differential thermal analysis (TGA/DTA) and revealed that the grown crystals were
thermally stable up to 331'C and 334 C for pure and NaCl doped SA. Vickers microhardness study reveals that the
hardness of the crystals is increase with increasing load. The photoconductivity study shows that the grown
crystals are negative photoconductive nature. The Laser Damage Threshold (LDT) indicates the grown crystals
have good resistance to laser radiation than a standard Potassium dihydrogen phosphate (KDP) crystal. The Z-scan
technique was employed to determine the nonlinear refractive index, nonlinear optical absorption and third order

nonlinear optical (TONLO) susceptibility of the grown crystals using He—Ne laser.

1. Introduction

Recently, the nonlinear optical materials with enhanced third order
nonlinear optical susceptibility > have been used in wide range of ap-
plications such as 3D optical memory, optical switching, optical modu-
lating, laser technology, optical communication, optical storage
technology and optical limiting etc,. In the few decades, many organic
and inorganic materials have been developed to cover the possible ap-
plications in Ultraviolet (UV), near and far-infrared (IR) wavelength re-
gions [1, 2, 3, 4, 5, 6, 7, 8]. Inorganic crystals have high laser-induced
damage threshold energy compared to organic crystals, the materials
with high nonlinear absorption, ultra fast response time and large third
order optical nonlinearity are essential in two photon laser scanning
microscopy, phase conjugation, low intensity lasers and microfabrication
[9]. It was observed from literature that inorganic NLO materials have
excellent mechanical and thermal properties, but possess relatively
modest optical nonlinearity because of the lack of extended n-electron
delocalization [10, 11]. Doping of metal ions and rare earth ions in the
inorganic single crystal shows remarkable industrial applications in
executing the efficient optical properties [3, 22]. The zwitter ionic nature
of the molecule favours crystal hardness [12]. Sulphamic acid
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[HoNSO3H] is a strong inorganic acid, when mixed with water it exhibits
zwitter ionic nature [13]. Sulphamic acid belongs to orthorhombic
structure and the relgvant lattice parameters are a = 8.078 (A), b=8.116
(A) and c = 9.268 (A) [14]. Among all amino acids, sulphamic acid and
derivatives exhibited large industrial applications [15, 16, 17]. Dopant
play vital role to enhance the physical properties of single crystals. Few
authors reported the effect of dopants on the growth and physical
properties of inorganic SA single crystal [3, 14, 15, 18, 19, 20, 21]. From
the literature survey it was observed that addition of metal enhances the
optical, ferroelectric and dielectric properties of the crystals [15].
Incorporation of small amount of impurities in the form of cationic
dopant K™ and Na™ increases the growth rate, physical and chemical
properties of the crystals [17]. Thaila et al. reported the effect of NaCl
and KCl (0.1 mol %) doping on the growth of SA crystal [20]. The present
paper describes and discusses the experimental results concerning the
influence of NaCl (1 mol%) ion on sulphamic acid. In this work, we report
the growth and characterization of pure and NaCl doped sulphamic acid
crystal, also the effect of dopant with sulphamic acid is discussed in
detail. The structure, optical properties, microhardness, dielectric, ther-
mal stability, laser damage threshold and photoconductive properties of
the grown pure and doped SA crystals were reported. To the best of our
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knowledge, no authors were discussed the third order nonlinear optical
property (TONLOP) on SA and NaCl doped SA. Hence, the authors ana-
lysed the third order nonlinear optical property (TONLOP) of NaCl doped
SA crystals using Z-scan technique and the results were reported in this
articles.

2. Experimental
2.1. Crystal growth

Pure and 1 mol % of NaCl doped sulphamic acid single crystals were
grown by slow evaporation technique at ambient temperature. The sul-
phamic acid [HoNSO3H], sodium chloride [NaCl] and deionized water
were used for the crystal growth. The calculated amount of sulphamic
acid salt was taken in a clean glass vessel and dissolved in 100 ml
deionized water. The solution was continuously stirred using magnetic
stirrer to get homogeneous solution. After 3 hours, the saturated homo-
geneous solution was filtered by Whatmann filter paper. The filtered
solution was kept in a dust free atmosphere for evaporation. Well
defined, colourless and good transparency crystal of dimension up to 12

Heliyon 5 (2019) e01988

x 7 x 4 mm® was collected at the end of 257 day. Again saturated so-
lution of sulphamic acid was prepared and then 1 mol % of NaCl solution
was added to sulphamic acid solution and stirred well for 4 hours to get
homogeneous solution. It was filtered by Whatmann filter paper. The
good quality of 1 mol % of NaCl doped sulphamic acid crystals were
harvested with dimension of 13 x 13 x 4 mm°® (After 35 days). The
photograph of grown pure, 1 mol % of NaCl doped sulphamic acid single
crystals and theoretical XRD pattern were shown in Fig. 1 (a), (b) and (c)
respectively.

2.2. Characterization techniques

The single crystal X-ray diffraction studies were carried out using
Enraf-Nonius CAD4 diffractometer with Mo-Ka radiation (0.71073,&).
The powder X-ray diffraction (PXRD) analyses were performed using
X'Pert pro analytical diffractometer with Cu-Ka radiation (1.54060 A)
and operated at 50 kV. The sample was scanned from 10 to 80 at ambient
temperature. The PXRD pattern of the grown crystals was indexed using
the celn software. The Energy Dispersive X-ray analysis (EDAX) spectrum
was recorded using EDS-BRUKER nano, GmbH, D-12489, Germany,

Fixea ShHt
intensity ->

89.78

20

Fig. 1. As grown Crystals of SA: (a) Pure, and (b) 1 mol. % NaCl doped SA; (c) Theoretical XRD pattern of SA.
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accelerating voltage 0-30 V. The optical spectra of crystals were recorded
using Lambda 35 model in the wavelength range from 190 nm to 700 nm
with the thickness of 2 mm. The photoluminescence of the grown crystals
was carried out using Perkin Elmer-LS Luminescence spectrometer at
room temperature. The emission spectrum was recorded in the range of
200 nm-600 nm. Thermogravimetric analysis and differential thermal
analysis were carried out using SEIKO TGA/DTA 6200 model at a heating
rate of 20 °C/min in nitrogen atmosphere. The microhardness test was
carried out in HM-2TV model tester. The photoconductivity studies were
carried out using KEITHLEY PICOMETER in the presence of DC electric
field at ambient temperature. The laser damage threshold measurements
were carried out using Q-switched Nd: YAG laser (A = 1064 nm) with 10
ns pulse width and repetition rate of 10 Hz. A laser beam of 1mm was
used to irradiate on the well-polished sample (3 mm) surface with 15 cm
focal length lens. The Z-scan technique was carried out using a solid state
laser of the wavelength of 632.8 nm.

3. Results and discussion
3.1. X-ray diffraction studies

From single and powder XRD analyses it was confirmed that the
grown both pure and 1 mol % of NaCl doped sulphamic acid crystals
belong to orthorhombic crystal system [14]. The obtained lattice
parameter of grown crystals is shown in Table 1. The powder X-ray
diffraction pattern of grown crystals was shown in Fig. 2. The pure and 1
mol % of NaCl doped SA crystals have shown sharp peaks. The diffraction
intensity of the 1 mol % of NaCl doped SA is higher than the pure SA
crystal, which may be due to the incorporation of Na* ion into the SA
lattice. The PXRD analysis also reveals that the presence of Na™ ion did
not alter the basic crystal structure of SA but slight variation in lattice
parameters due to Na™ ion in sulphamic acid lattice.

3.2. Energy dispersive X-ray analysis (EDAX)

The chemical composition of grown pure and 1 mol % of NaCl doped
SA crystals were obtained from energy dispersive X-ray spectra. The
presence of metal Na* ions in the SA crystal was confirmed. The recorded
EDAX spectra of grown crystals were shown in Fig. 3 (a & b). From the
characteristic peaks, the presence of Sulphur, Nitrogen, Oxygen, Sodium
and Chlorine were detected.

3.3. UV-visible analysis

The recorded absorption spectrum of grown crystals was shown in
Fig. 4. The lower cut off wavelength of grown single crystals were 207 nm
and 243 nm for pure and 1 mol % of NaCl doped sulphamic acid single
crystals and percentage of absorption is high for doped single crystal in
comparison with pure sulphamic acid and it could be due to the influence
of dopant Na™ ion in SA crystal lattice [23, 24]. The Tauc's plot analysis
were carried out to find the energy band gap values and shown in Fig. 5.
The obtained optical band gap energies of pure and 1 mol % of NaCl
doped SA were 6.06 eV and 5.70 eV respectively. The results confirmed

Table 1
Lattice parameters of the grown crystals.

Lattice Reported values Undoped SA 1 mol% of NaCl added
parameters [12] SA

a (&) 8.078 8.063 8.074

b (&) 8.116 8.099 8.091

c (10\) 9.268 9.208 9.239

o (deg) 90 90 90

B (deg) 90 90 90

y (deg) 90 90 920

Volume (A3) 607.6 601.3 603.6

System orthorhombic orthorhombic orthorhombic
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that the pure and NaCl doped SA belong to the category of insulating
materials.

3.4. Photoluminescence analysis

Photoluminescence spectroscopy is the standard technique for char-
acterizing defects, vacancies and other imperfections existing in the
crystals [25, 26]. The emission spectrum was recorded between 200 nm
to 600 nm (Fig. 6). The intense emission bands are observed 335 nm, 424
nm for pure and 340 nm, 428 nm for 1 mol % of NaCl doped SA crystal.
The emission bands were observed in the UV region at 335 nm and 340
nm due to the electronic transition n-n* [27, 28]. The peak at 424 nm is
associated with indirect transitions in the Pristine Sulphamic acid crystal.
As NaCl is added to Sulphamic acid, the emission band was slightly
higher shifted i.e. 428 nm, which shows a blue emission.

3.5. Thermal analysis

The TGA-DTA curves of grown crystals were shown in Fig. 7. From the
TGA curve, the pure and 1 mol % of NaCl doped sulphamic acid crystals
are thermally stable up to 331°C and 334 C and the weight loss started
above this temperature. The weight loss may be liberation of one mole-
cule of nitrogen oxide and one molecule of sulphur dioxide [29, 30].
From DTA curve, the first endothermic peaks at 251C and 250 C reveal
the melting point of the pure and 1 mol % of NaCl doped SA crystals
respectively. Furthermore, a complete decomposition or volatilization
was also observed at or after 450 C with the appearance of second
endothermic peaks. The sharpness endothermic peaks represent the
melting point of the crystals.

3.6. Vicker's microhardness studies

The applications of the crystals are not only depended on good optical
performance but also with good mechanical behaviour [31, 32]. The
static indentations were carried out using a Vicker's indenter for varying
loads. For each load P, several indentations were made and the average
value of diagonal length d was measured to calculate the microhardness
of the crystals. Vicker's microhardness number was determined using
with the relation:

1.8544P
H=—"0

@

For a static indentation test with load P varying from 25, 50, 100 and
200 g, the plot between load and hardness number is shown Fig. 8. From
the plot, it was clearly seen that the hardness number increased with
increase in load up to 200 g no cracks had been observed. The presence of
dopant Na™ ion is played a vital role in enhancing the hardness property
of the SA crystal. Similar behaviour was observed for various metal ions
such as Cu?*, Mn?" and Ni%* doped SA crystals [16]. A plot between log
P and log d (Fig. 9) found to be a straight line. The relation connecting the
applied load and diagonal length d of the indenter was provided by
Mayer's law:

P = ad" 2)

where, P is the load in kg, d is the mean diagonal length and n is the
Mayer's index. According to Onitsch, if n values lied between 1 and 1.6
for hard materials and it was more than 1.6 for soft materials category
[33, 34, 35]. The obtained value for pure and 1 mol % of NaCl doped SA
were 2.018 and 2.233, respectively. The results indicated that the pure
and 1 mol % of NaCl doped SA crystals were considered to be soft ma-
terial nature.

3.7. Photoconductivity measurement

Photoconductivity of a material depends on the several functions such
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Fig. 2. Powder X-ray diffraction patterns of pure and NaCl doped SA crystal.
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Fig. 3. EDAX spectrum for (a) Pure, and (b) NaCl doped SA crystal.

as temperature, applied voltage, intensity of light and so on [35, 36]. The
photo current of the grown crystals were illuminated with the halogen
lamp [100 W1]. The plot of photo current and dark current are shown in
Fig. 10. The photo current is found to be less than that of the dark current,
which indicates that both crystals exhibit negative photoconductivity
nature of the material. The photo and dark current of pure and 1 mol % of
NaCl doped SA single crystals were increased linearly with the applied
voltage. The negative photoconductivity exhibited by the sample may be
due to the presence of minimum charge carriers in the presence of

radiation.
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Fig. 4. Absorption spectra of Pure and 1mol. % NaCl doped SA crystal.
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Fig. 5. Tauc's plot for pure and 1mol. % NaCl doped SA crystal.
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Fig. 6. Photoluminescence spectra of Pure and 1 mol. % NaCl doped SA crystal.

3.8. Laser damage threshold (LDT) measurements

The laser damage threshold of an optical material was an important
parameter to measure its applicability [37, 38], the ability of an optical
crystal under laser irradiation was measured by laser damage threshold
studies. It is considered as an essential factor for laser assisted applica-
tions. For nonlinear optics and laser applications, the laser-induced
damage threshold value was an important criterion because it gives the
limit of performance in the optical device [39]. The different laser light
energy was irradiated on the surface of grown crystals. The energy value
was reached at 57.5, 89 and 139 mJ. At energy, a clear visible image
occurred for KDP, pure SA and 1 mol % of NaCl doped SA crystals. During
the laser irradiation, the input laser energy density was recorded using
power meter. The surface damage threshold of the grown crystals was
calculated using the relation — 3 [39, 40, 41].

EP
m (600)2 ®

Power density P, =
where, E, is the input pulse energy (mJ) of the laser beam when micro-
scopic damage appeared, 7 is the pulse width (ns) and o, is the radius of
beam waist. The calculated laser damage threshold value of KDP, pure
and 1 mol % of NaCl doped SA crystals are 17.72, 27.42 and 42.83 GW/
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cm?, respectively. The calculated laser damage threshold value of 1 mol
% of NaCl doped SA crystal is higher than the pure and KDP crystals. This
high LDT value suggest that NaCl doped SA crystal might find applica-
tions in the development of laser supported non-linear optical devices.
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Fig. 10. Photoconductivity spectra of grown crystals of SA: (a) Pure, and (b) 1
mol. % NaCl doped SA crystal.

3.9. Third order NLO properties

The Z-scan technique is an important and sensitive technique to
calculate the third order nonlinear optical parameters [42, 43, 44, 45].
Using the Z-scan technique, the open and closed aperture Z-scan spectra,
the nonlinear absorption coefficient and nonlinear optical refraction
were calculated. Figs.11 and 12 shows the open and closed aperture
Z-scan curves of the pure and 1 mol % of NaCl doped SA crystals. To
determine the third order nonlinear susceptibility there are the two main
parameters are needed. One is the value of nonlinear absorption coeffi-
cient and other is sign and the magnitude of nonlinear refraction. From
the open aperture Z-scan spectra the nonlinear absorption coefficient was
calculated. However, from the closed aperture Z-scan spectrum with pre
focal valley and post focal peak indicates a self focusing process. It is a
positive sign for nonlinear refraction [45]. To find out the nonlinear
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refractive index of grown pure and 1 mol % of NaCl doped SA crystals,
the difference of the normalized peak and valley transmissions (AT.y)
was calculated using the relation:

AT,

T 0.406(1 — 5" @

[Ag]|

where, Ag is the axis phase shift at the focus, S is the linear transmittance
aperture. It can determine the expression:

S=1—exp(—2r2/al) (5)

where r, is the radius of the capture (2 mm) and o, is the beam radius at
the capture (3.3 mm). The third order nonlinear refractive index was
calculated using the relation

Ap

> = KioLy (m?/W) ©

n

where, K is the wavenumber, I is the intensity of the laser beam at the
focus and Legs is the effective thickness of the materials. The nonlinear
absorption coefficient was determined using an open aperture. The value
of p will be the positive for two or multi photon absorptions and negative
for saturable absorption and the f value can be evaluated using the
expression:

p=20 /W) @
0%eff

where, K is the wave number it value can be determined using K = 2x/2,
AT is the peak value at the open aperture Z-scan curve and I, is the in-
tensity of the laser at the focus (z = 0). The effective thickness of the
sample was calculated by using the relation:

Ly = [1 — exp(—aL)]/L (8)

where, « is the linear absorption coefficient and L is the thickness of the
sample. The effective thickness was found to be 0.6 mm. The real and
imaginary parts of the third order nonlinear optical susceptibility were
found out by the relations:

Rey® (esu) = 10~*¢,c*n’ny [z (cm? /W) 9
Ly (esu) = 1072¢,c*n2ipB /4> (cm?® /W) (10)
where, g, is the vacuum permittivity (8.854 x 10712 F/m), c is the ve-

locity of light in a vacuum (3 x 108 m/s), n, is the linear refractive index
of the sample, n; is the nonlinear refractive index, A is the wavelength of

Table 2
Nonlinear optical parameters of pure and 1 mol % NaCl doped SA crystals.

NLO parameters Undoped SA 1 mol% NaCl doped
SA

Laser beam wavelength () 632.8 nm 632.8 nm

Lens focal length (f) 30 mm 30 mm

Optical bath length 85 cm 85 cm

Beam radius of the aperture (w,) 3.3 mm 3.3 mm

Aperture radius (ra) 2 mm 2 mm

Sample thickness (L) 0.59 mm 0.60 mm

Effective thickness (Lef) 6.00 x 10*m 6.00 x 10~ m

Nonlinear refractive index (n,) 5.406x 101 5.806x 10! m%/
m?%/W w

Nonlinear absorption coefficient (§)

Third order nonlinear optical
susceptibility (%)

2.563 x 10~* m/
\
1.735 x 1077 esu

2.909 x 10~* m/W

2.143 x 1077 esu
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laser beam and f is the nonlinear absorption coefficient. The third order
nonlinear optical susceptibility of the pure and 1 mol % of NaCl doped SA
crystals were calculated using the relation

2

2V =\ (RO + (1)) an

The experimental parameters and calculated results from the Z-scan
measurement for pure and 1 mol % of NaCl doped SA crystals are given in
Table 2. The calculated nonlinear refractive index (ny) of grown pure and
NaCl doped SA crystals are 5.406x 10~!! m2/W and 5.806x 107! m?/
W. The positive sign of the nonlinear refractive index (ng) indicates the
self focusing nature of the crystals. This may have an advantage in
practical devices, by providing remote sensing and lightning control [45,
46]. From the open aperture Z-scan curve, the nonlinear absorption co-
efficient (f) is 2.563 x 104 m/W for pure SA and 2.909 x 10~*m/W for
1 mol % of NaCl doped SA crystal. The positive value of nonlinear co-
efficient () shows the two-photon absorption process. The determined
real and imaginary parts of the third order nonlinear susceptibility are
7.256 x 10~° esu, 1.733 x 1077 esu for pure and 8.485 x 10~ esu, 2.142
x 1077 esu for NaCl doped SA crystal respectively. The absolute third
order nonlinear optical susceptibility (x) is determined to be 1.735 x
1077 esu for pure and 2.143 x 1077 esu for 1 mol % of NaCl doped SA
crystal. The observed results show that the grown NaCl doped SA crystals
have higher nonlinear optical susceptibility than Pure SA which reveals
that the grown materials are suitable one for non linear optical applica-
tions especially for optical limiters and optical modulators.

4. Conclusion

Single crystals of pure and 1 mol % of NaCl doped sulphamic acid
were grown by a slow evaporation technique. The grown crystals have
well defined external appearance. Single crystal and powder X-ray
diffraction analysis confirm both pure and 1 mol % of NaCl doped sul-
phamic acid crystals have orthorhombic system. From EDAX spectrum, it
was confirmed the presence of Na* ion in SA crystal. The UV-Vis studies
show that the grown pure and doped sulphamic acid crystals have no
significant absorption in the visible and the transparency is slightly
increased by the addition of a dopant. From photoluminescence studies,
sharp violet emission peaks observed at 335 nm and 340 nm for pure and
doped crystals, respectively. The TGA/DTA studies show that the pres-
ence of impurity increases the thermal stability of SA crystals. Vickers
microhardness value increases with increasing of applied load and cracks
developed for the load above 200 g. The hardening coefficient was found
to be 2.018 for pure and 2.233 1 mol % of NaCl doped SA crystal. The
photo current and dark current of pure and 1 mol % of NaCl doped SA
crystals were increased linearly with the applied voltage. The laser
damage threshold value is 27.42, 42.83 and 17.72 GW/cm? for pure,
NaCl doped SA and KDP crystal respectively. The third order nonlinear
optical susceptibility of pure and 1 mol % of NaCl doped SA crystals are
1.735 x 1077 esu, and 2.143 x 1077 esu respectively.
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