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For the first time, sodium metasilicate (SMS) doped ammonium dihydrogen phosphate (ADP) crystal was
grown by slow evaporation solution technique. The unit cell parameters of grown crystal were deter-
mined by means of single crystal X-ray diffraction technique. The qualitative analysis of SMS doped ADP
crystal was carried out using energy dispersive X-ray and Fourier transform infrared analysis. The in-
crease in optical transparency of doped ADP crystal was ascertained in the range of 200-900 nm using
the UV-visible spectral analysis. The vital optical constants were evaluated using the transmittance data
to explore various optical device applications of crystal. The assertive influence of SMS on mechanical
and dielectric behavior of ADP crystal was investigated by means of Vickers microhardness analysis and
dielectric studies, respectively. The enhancement in second harmonic generation (SHG) efficiency of SMS
doped ADP crystal with reference to potassium dihydrogen phosphate (KDP) and ADP was confirmed
from Kurtz-Perry SHG test. The Kerr lensing nonlinearity in SMS doped ADP crystal was identified by
means of Z-scan analysis and the third order nonlinear optical susceptibility (%>) was found to be

Optical properties

6.19 x 10~ esu, which vitalizes its application for laser stabilization systems.
Copyright © 2015, The editorial office of Journal of Materials Science & Technology. Published by

Elsevier Limited. All rights reserved.

1. Introduction

Ammonium dihydrogen phosphate (ADP) is the potential non-
linear optical (NLO) material exhibiting high nonlinear behavior and
good ferroelectric properties which vitalizes its utility for electro-
optic modulators, optoelectronics, photonics and large display
devices!'?l. The exceeding use of crystals for various industrial ap-
plications has encouraged many researchers to re-investigate the
properties of ADP crystal using the different organic and inorganic
additives since the past decade. The use of dopants glycine and
-lysine has significantly enhanced the second harmonic genera-
tion (SHG) efficiency, UV-visible and electrical properties of ADP
crystall®4. It is also evident that the crystalline perfection, optical
and electrical properties of ADP crystal can be tuned to large scale
using ammonium malatel®.. Influence of carboxylic acids like p;-
malic acid and oxalic acid on fundamental properties of ADP crystal
has been reported'®’., The additive ethylene diamine tetraacetic acid
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(EDTA) has improved the growth period and various properties of
ADP crystal®l. In regime of metallic dopants, a variety of single me-
tallic impurities such as Na, K, Ni and Co have successfully increased
the optical, electrical, mechanical, dielectric and thermal proper-
ties of ADP crystall®-'?l, This declares the highly favorable impetus
of metallic dopants for ADP crystal. However, until this date effect
of bimetallic impurities on different properties of ADP crystal has
not been explored. With the aim to achieve the high quality ADP
crystal for applications of laser assisted technological devices a bi-
metallic impurity such as sodium metasilicate (SMS) has been firstly
doped in ADP crystal. In this study pure and SMS doped ADP crys-
tals have been comparatively investigated by structural, UV-
visible, SHG, Z-scan, microhardness and dielectric studies with focus
centered to explore the effective utility of grown crystal for laser
applications.

2. Experimental

The high purity ADP salt was dissolved in deionized water to
obtain the supersaturated solution of ADP at room temperature. To
grow the cost effective and commercial crystal the measured quan-
tity of 0.1 mol% of SMS (Na,SiO3) was gradually added to the
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Fig. 1. Photograph of SMS-ADP crystals.

supersaturated solution of ADP with continuous and uniform speed
of stirring. The solution was allowed to agitate for 6 h to assure the
homogeneous doping throughout the supersaturated solution of ADP.
The SMS doped ADP solution was filtered and kept for isothermal
slow solution evaporation in a constant temperature bath of accu-
racy +0.01 °C. The optically transparent SMS doped ADP (SMS-
ADP) crystals harvested within 13-15 days are shown in Fig. 1.

3. Results and Discussion
3.1. Single crystal X-ray diffraction

The crystals were subjected to single crystal X-ray diffraction
(XRD) analysis using the Enraf Nonius CAD-4 crystal X-ray
diffractometer. The pure and SMS doped ADP crystals were con-
firmed to have the tetragonal crystal structure and the slight changes
were identified in the unit cell parameters of SMS-ADP crystal. The
XRD data are discussed in Table 1 and the increase in volume of SMS-
ADP crystal might have been attributed to the successful
incorporation of SMS in lattice sites of ADP crystal.

3.2. Elemental analysis

The incorporation of SMS in ADP has been qualitatively con-
firmed by means of energy dispersive spectroscopic (EDS) technique
using the HITACHI S4700 instrument. The grown SMS-ADP crys-
tals were powdered and subjected to EDS analysis (energy range =0

Table 1
Crystallographic data

to 10 keV). The recorded EDS spectrum of SMS-ADP crystal is shown
in Fig. 2(a). The peaks observed at 1 and 1.78 keV evidence the pres-
ence of sodium (Na) and silicon (Si) ions in the crystal lattice of ADP.

3.3. Fourier transform infrared analysis

The functional groups of grown crystal were identified by means
of Fourier transform infrared (FT-IR) analysis using Bruker attenu-
ated total reflection (ATR) spectrometer. The recorded FT-IR spectrum
of SMS doped ADP crystal is shown in Fig. 2(b). The absorption peaks
cited at wavenumber 3790 and 3232 cm™ correspond to Si—O—H
stretching vibrations. The P—H stretching vibration is observed at
2362 cm™. The characteristic NO, asymmetric vibration is attrib-
uted at 1587 cm’. The sharp peak of N—H stretching vibrations
occurs at 1417 cm™'. The P=O0 stretching vibration is observed at
1253 cm™'. The absorption peak at 1052 cm™ corresponds to the
Si—0—Si asymmetric stretching vibrations. The NO, bending mode
of vibration is attributed at 680 cm™.

3.4. Optical studies

3.4.1. UV-visible spectral analysis

The crystals with high optical homogeneity can be readily used
for applications in wide range of optical devices. The UV-visible trans-
mittance spectrum of pure and SMS doped ADP crystal was recorded
in the range of 200-900 nm using the Shimadzu UV-2450 spectro-
photometer. The analysis of spectrum (Fig. 3(a)) in visible region
reveals that the transparency of ADP and SMS-ADP crystals is up
to 79% and 86%, respectively. The enhanced transparency of SMS-
ADP crystal by 7% justifies the assertive role of dopant in minimizing
the defect centers and solvent inclusions which attributed the

Crystal Cry:‘al Cell parameters (nm) 2’01”3”16 Space reduced optical scattering within the crystal system!'4. The high
system nm’) group optical transparency window of SMS-ADP crystal is of huge advan-
ADP Temgona} a= l; =0751,¢c=0756 0426 "42Z tage for UV-tunable lasers, NLO and frequency conversion devices!™”),
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Fig. 2. (a) EDX spectrum of SMS-ADP, (b) FT-IR spectrum of SMS-ADP crystal.
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Fig. 3. (a) UV-vVisible transmittance spectrum, (b) Tauc’s plot.

energy (hv) is related as (ahv)?=A (hv - E;), where E; is the energy
band gap of the material. The E, of grown crystal has been deter-
mined from the Tauc’s extrapolation plot shown in Fig. 3(b). In the
present study, the E; of ADP and SMS-ADP crystal is found to be 5.1
and 5 eV, respectively, which is wide enough to exploit the SMS-
ADP crystal for optoelectronics device applications!’”). The optical
density of the material medium can be understood from the nature
of refractive index (n=1/T+(1/T-1), where T is the transmit-
tance of the material), as shown in Fig. 4(a)!'?. The SMS-ADP crystal
possesses lower refractive index than ADP in visible region which
makes it a more suitable material for calibrating the figure of merit
of reflectors, resonators and filters which are vital optical compo-
nents in large laser systems!'”\. The reflectance (R) offered by crystals
in visible region is shown in Fig. 4(b). The electromagnetic energy
is lost within material medium while propagation can be ana-
lyzed by observing the behavior of extinction coefficient (K = oA /41),
as shown in Fig. 5. The high percent of transparency, lower refrac-
tive index, lower reflectance and extinction coefficient suggest the
potential candidature of SMS-ADP crystal as antireflecting materi-
al demanded for coating solar thermal devices!™>8],

3.4.2. Kurtz-Perry powder SHG test

In order to confirm the NLO behavior, the crystal samples were
powdered and subjected to SHG efficiency test using the Kurtz-
Perry powder technique. The Q-switched Nd:YAG laser beam
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(A=1064 nm, 6 ns, 10 Hz, 5.4 yJ/pulse) was made normally inci-
dent on the powdered sample of KDP, ADP and SMS-ADP crystals.
The emergence of intense green signal confirmed the NLO behav-
ior of each sample and the output SHG intensity of each sample is
shown in Fig. 6. The SHG efficiency of SMS-ADP crystal is found to
be 2.26 times that of KDP and 1.25 times that of ADP crystal ma-
terial. The enhancement in SHG efficiency might have been observed
due to the modified molecular orientation of ADP crystal due to the
incorporation of ionic impurities of SMS. The SHG efficiency of SMS-
ADP crystal is found as superior to oxalic acid”!, potassium chloridel!'®!
and cobalt ion!"*! doped ADP crystals. The high SHG efficiency
strongly advocates the prominence of SMS-ADP crystal for laser fre-
quency conversion devices.

3.4.3. Z-scan analysis

The Z-scan is the most efficient and vital technique developed
by Bahae et al. to explore the third order nonlinear behavior of the
material at desired laser wavelength!'”l. In the present Z-scan setup
(Table 2) the polarized beam of He-Ne laser is tightly focused on
SMS-ADP crystal (1 mm) through a converging lens and the crystal
was moved to and fro about the beam irradiated path focus (Z=0).
In closed aperture Z-scan configuration the position of crystal sample
was changed along the Z direction and the transmittance was re-
corded through the closed slit of photo detector placed at far field.
The close aperture Z-scan curve (Fig. 7(a)) of SMS-ADP crystal shows
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Fig. 4. Plot of (a) refractive index and (b) reflectance as a function of wavelength.
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Fig. 5. Plot of extinction coefficient as a function of wavelength.

the valley to peak phase shift which confirms the self focusing effect
resulting to positive NLR responsel?l, The high magnitude of pos-
itive NLR (n) identifies the promising Kerr lens mode locking
(KLM)®?!I potential of SMS-ADP crystal. The relation between axis
phase shift (A®) and peak to valley transmittance difference
(AT, ) is given as!'?,

AT,., =0.406(1-5)"*|Ag| (1)

where S=1-exp (-2r:%/w,?) is the aperture linear transmittance,
1, is the aperture radius and , is the beam radius at the aperture.

SHG intensity (CPS)
8
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Wavelength (nm)

Fig. 6. Plot of SHG output intensity.

Table 2

Z-scan analysis data
Parameters Magnitude
Laser wavelength (L) 632.8 nm
Laser power (P) 10 mW
Lens focal length (f) 20 cm
Optical path distance (Z) 113 cm
Beam waist radius (ma) 1 mm
Aperture radius (r3) 15 mm

2.3375 kW/m?
5.94% 10710 cm2/W
2.81x 105 cm/W
6.19x 107> esu

Incident intensity at the focus (Io)
Nonlinear refraction (nz)
Nonlinear absorption (f)

Cubic susceptibility ()

The magnitude of nonlinear refractive index (1) is calculated using
the relation!'?),

A9 (2)

n =
" KloLeg

where K=2n/A (A is the laser wavelength), I, is the intensity of the
laser beam at the focus (Z=0), Leg= (1 - exp(—cL))/o. which is the
effective thickness of the sample depending on linear absorption
coefficient (o) and the thickness of the sample (L). The magnitude
of n, of SMS-ADP crystal is found to be 5.94 x 1071 cm?/W which
is notably higher than potential technological crystals used in laser
systems!??, The open aperture Z-scan curve (Fig. 7(b)) of SMS-ADP
crystal reveals the saturable absorption (SA) phenomenon which
is attributed to higher ground state linear absorption over the excited
state absorption(?*!. The nonlinear absorption coefficient (B) value
of crystal has been calculated from following equation!'),

22AT
_ 3
ﬁ I OLeff ( )

where AT is the one valley value at the open aperture Z-scan curve.
The B of SMS-ADP crystal is found to be 2.81 x 10> cm/W. The cubic
susceptibility () defines the polarizing ability of the material which
can be calculated using the following equations!'?),

Re 7 (esu) =107 (&,C*ng’n, )/ m(cm?/W) “
Im x® (esu) =10 (e,C*ng*AB)/4n* (cm; W) 2
= (Re;ﬁ )z N (lm;(3)2 (6)

where & is the vacuum permittivity, ng is the linear refractive index
of the sample and c is the velocity of light in vacuum. The larger
x> of crystal system confirms the high polarizing nature of SMS-
ADP crystal and it is found to be 6.19 x 10~ esu. The larger value
of ® indicates the enhanced photoinduced intermolecular charge
transfer through n-electron conjugate system**, The SMS-ADP crystal
with higher y3 could be a better replacement of several doped ADP
crystals!425:26],

3.5. Microhardness studies

The Vicker’s microhardness studies were performed to unfold
the influence of SMS on crystal strength and lattice perfection of
ADP crystal. To study the hardness behavior, different loads (25 to
100 g) were applied for the period of 10 s on <001> face of ADP and
SMS-ADP crystal and the corresponding diagonal length was mea-
sured. The nearly square shaped indentations were observed on the
indented surface which indicates the presence of uniform inter-
atomic bonding and spacing in SMS-ADP crystal. The hardness
number (H,) of the crystals was calculated using relation
H, = 1.8544 x P|d? where P is the applied load in kg and d is the di-
agonal length in mm®”!. The variation of hardness number with
increasing load is shown in Fig. 8(a). It reveals that the hardness
of SMS-ADP crystal is superior to ADP crystal. The work harden-
ing index n was derived using the Meyer’s equation given as:
logP =logK; + n logd. The plot between logd and logP is shown in
Fig. 8(b). The slope of the line gives the value of n. The SMS-ADP
crystal with large value of n (3.2) belongs to the category of soft
materials satisfying the Onitsch results?®!. The hardness depen-
dent yield strength (c,=(0.1)"2 Hy/3) and elastic stiffness (Ci, = H, %)
of crystals has also been evaluated at same loads. The higher mag-
nitude of elastic stiffness of SMS-ADP crystal confirmed the strong
interatomic bonding forces between the adjacent atoms!?l, The
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Fig. 8. (a) Load dependent hardness, (b) plot of logd vs logP.

hardness data of pure and doped ADP crystal are discussed in Table 3.
The SMS-ADP crystal exhibits high hardness number, high yield
strength and high elastic stiffness which are of huge importance
while tuning and processing the material for fabricating NLO
devices.

3.6. Dielectric studies

The dielectric properties of the grown crystal have been evalu-
ated in the range of 30 to 120 °C at a frequency of 100 kHz using
the HIOKI-3532 LCR cubemeter. Before the analysis the crystal sur-
faces were smoothly applied with the silver paste so as to attain
good electrical contact and measure the data with high accuracy.
The dielectric constant of the materials is attributed to active elec-
tronic, ionic, space charge and dipolar polarization mechanisms!*°l,
The dependence of dielectric constant (&, = Cd/eoA) on temperature
is depicted in Fig. 9(a). It is observed that the dielectric constant of
the crystals increases with increasing temperature. It is contributed

Table 3

Microhardness parameters along <001> face
Crystal Hy (kg/mm? ) n oy (MPa) C11 (GPa)
ADP 57.96 2.8 11.94 20.91 x 108
SMS-ADP 78.65 3.2 16.21 36.72 x 108

to the high space charge polarization of molecular dipoles in high
temperature rangel®'l. The lower dielectric constant of SMS-ADP
crystal confirms the low electrical power consumption capability
which is a vital parameter for designing photonics, microelectronics®?/,
broad band electro-optic modulators (EOM)P**), field detectors and
THz wave generators®¥, According to Miller’s law, the lower di-
electric constant facilitates the enhancement in SHG coefficient of
the crystal®®!, which is also observed in the case of SMS-ADP crystal.
The profile of dielectric loss (Fig. 9(b)) of material assists to eval-
uate the extent of loss of electrical energy in the form of heat in
material medium. It is observed that the dielectric loss of SMS-ADP
crystal is lower than ADP throughout the temperature range. The
lower dielectric loss of SMS-ADP crystal defines the superior optical
quality and less concentration of electrically active defects which
is vital parameter for NLO applications!®°!,

4. Conclusion

Good quality SMS-ADP crystals were successfully grown by slow
solution evaporation technique. The single crystal XRD confirmed
the unit cell parameters and tetragonal structure of pure and SMS
doped ADP crystals. The EDS analysis confirmed the incorporation
of SMS in ADP and the functional groups of grown crystal were iden-
tified using the FT-IR analysis. The UV-visible studies revealed that
the SMS-ADP crystal offered the enhanced optical transparency of
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Fig. 9. Temperature dependent (a) dielectric constant and (b) dielectric loss.

86%, band gap of 5 eV and superior optical parameters than ADP
crystal which vitalized its use for optical device applications. The
microhardness studies revealed that SMS had largely enhanced the
hardness, yield strength and elastic stiffness of ADP crystal. The de-
termined low dielectric nature of SMS-ADP crystal was advantageous
for fabrication of microelectronics and EOM devices. The SHG ef-
ficiency of SMS-ADP crystal was 2.26 times that of KDP and 1.25
times that of ADP crystal. The Z-scan analysis confirmed the pos-
itive NLR phase transition and its magnitude was found to be
5.94 x 1071 cm?/W. SMS-ADP crystal was promising Kerr lens mode
locking material. The enhanced cubic nonlinearity of SMS-ADP crystal
was of order 10-° esu which confirmed the sustained mobility of
intermolecular charge transfer due to modified molecular orienta-
tion of SMS-ADP crystal. All of the above studies infered that SMS-
ADP crystal could be a potential material for distinct laser assisted
applications.
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