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Hybrid inorganic nonlinear optical crystals find huge applications in laser assisted photonic devices
therefore present communication firstly aims to investigate the dielectric, microscopic and linear-
nonlinear optical properties of ammonium zinc sulphate hydrate (AZSH) crystal. The inorganic AZSH
complex has been synthesized and 15 � 10 � 09 mm3 single crystal was grown by slow solvent evapora-
tion method. The powder and single crystal X-ray diffraction technique has been employed to evaluate
the crystalline phase and determine the structural parameters of AZSH crystal. The optical transparency
of AZSH crystal has been examined within the wavelength rage of 200–1100 nm. The enhanced second
harmonic generation efficiency of AZSH crystal is 2.53 times higher than standard KDP crystal. The laser
damage threshold of AZSH crystal has been determined using the Nd:YAG laser operating at 1064 nm.
The close and open aperture Z-scan studies have been performed to ascertain the nature of third order
nonlinear optical (TONLO) refraction and absorption of AZSH crystal. The order of TONLO parameters
n2, b and v3 is found to be 10�9 cm2/W, 10�4 cm/W, 10�4 esu respectively. The AZSH crystal is found
to have violet colored luminescence emission centered at 370 nm. The dielectric constant and dielectric
loss of AZSH crystal has been evaluated within 30 Hz to 1 MHz. The chemical etching technique has been
imposed to examine the growth habitat and determine the etch pit density of AZSH crystal.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In past few decades the development of new hybrid inorganic
NLO crystals has been accelerated as they cater unique qualities
such as wide transparency window ranging from far infrared to
deep UV-region, huge mechanical stability, highly packed struc-
tural design, sufficient nonlinear response and large threshold to
laser exposure which ultimately vitalize the credibility of these
crystals for optoelectronics, photoemission spectroscopy, laser
micromachining, semiconductor lithography, optical modulation,
frequency shifting/conversion, optical switching and laser device
applications [1–5]. The appealing technologically vital inorganic
NLO crystals that are currently utilized in laser complied device
applications at mass scale are MgO:LiNbO3, NH4H2PO4, LiIO3, KH2-
PO4, KD2PO4, CsLiB6O4, KNbO3, KTiOAsO4, CdGeAs2 [6,7]. Looking at
the stimulating impetus of inorganic crystals across the globe
attention of our group is focused to explore the unique class repre-
sented by the general formula A2B(XO4)2�6H2O where A corre-
sponds to big univalent cations (K+, NH4

+, Rb+, Cs+, etc), B
corresponds to smaller divalent cations (Ni2+, Co2+, Cu2+, Mg2+,
Zn2+, Fe2+, etc) and X corresponds to the S, Se or Cr. El-Fadl et al.
recently explored the structural, morphological and linear optical
properties of potassium zinc sulfate hydrate (KZSH) and ammo-
nium zinc sulfate hydrate (AZSH) single crystals [8]. However, from
the application point of view the precise knowledge of second har-
monic generation (SHG) efficiency, third order nonlinear optical
parameters, laser damage threshold, luminescence, dielectric and
microscopic surface properties are essential which are not reported
in case of KZSH and AZSH crystals. In current investigation a novel
report is put forth which deals to explore the most vital missing
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Fig. 1. (a) AZSH single crystal. (b) PXRD pattern of AZSH.
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properties of AZSH crystal by imposing structural, UV–visible,
Kurtz-Perry test, Z-scan, laser damage threshold, photolumines-
cence, dielectric and chemical etching analysis to bring out the
potential credibility of AZSH crystal for distinct NLO device
applications.

2. Experimental procedure

2.1. Synthesis and crystal growth

In order to synthesize the AZSH complex the SDfine make
ammonium chloride and zinc sulphate were dissolved in double
distilled water in 1:1 M ratio and the mixture was allowed to stir
on a constant speed for four hours to facilitate the homogeneous
reaction of the reactants. The scheme of chemical reaction giving
the product of AZSH is given below,

ZnSO4 � 6H2Oþ ðNH4Þ2SO4 !H2O ðNH4Þ2ZnSO4 � 6H2O ðAZSHÞ
The mixture solution was filtered through the membrane filter

paper using the vacuum pump. The filtrate was transferred in the
clean rinsed beaker and it was placed in the vibration free constant
water bath maintained at 35 �C. As the slow evaporation process
begins the nucleation of seed crystal was observed and single crys-
tals of appreciable size with well-defined faces were obtained
within the period of two weeks. The as grown AZSH complex crys-
tal of dimension 15 � 10 � 09 mm3 is shown in Fig. 1a. The purity
of AZSH material was achieved by repetitive recrystallization
process.

2.2. Characterization techniques

The properties of AZSH crystal has been evaluated by different
techniques as discussed: (a) Single crystal X-ray diffraction (XRD)
analysis was performed by using Enraf Nonius CAD4 single crystal
X-ray diffractometer, (b) powder XRD pattern analysis was
recorded using the Bruker Advanced D8 powder X-ray diffractome-
ter and indexing was done using the powderX software constrain-
ing the 2h error limit to 0.01�, (c) Linear optical study was
examined within 200–1100 nm using the Shimadzu UV-1061 spec-
trophotometer, (d) SHG efficiency was determined using the Nd:
YAG laser (Q-switched mode, 1064 nm, 10 Hz, 6 ns), (e) Z-scan
analysis was performed using the CW He-Ne laser operating at
632.8 nm and the optical resolution of components utilized in Z-
scan setup is focal length of focusing lens = 20 cm, optical path dis-
tance = 113 cm, beam waist radius (xa) = 1 mm, aperture radius
(ra) = 1.5 mm, beam intensity at the focus (Io) = 2.3375 KW/m2,
(f) LDT was determined using the Nd:YAG laser (1064 nm, 10 ns,
10 Hz), (g) dielectric studies were carried out within frequency
range of 30 Hz to 1 MHz using the HIOKI 3532 LCR cubemeter,
(h) photoluminescence nature was examined using the Hitachi F-
7000 fluorescence spectrophotometer with analysis method emis-
sion and excitation slit width = 1 nm, scan speed = 240 nm/min,
delay = 0 s, response time = 0.1 s, (i) optical microscope Carl Zeiss
was used to capture the microimage of crystal surface in reflection
mode at resolution of 100 mm.

3. Results and discussion

The single crystal XRD data reveals that the title crystal belongs
to the monoclinic crystal system oriented with the space group
P21/a. The unit cell parameters of AZSH crystal are a = 9.235
(±0.013) Å, b = 12.516 (±0.007) Å, c = 6.248 (±0.002) Å, b = 106.89�
and the volume V = 690.025 (±1.1) Å3. These values match well
with the reported data in ICDD PDF card No. 04-007-5463 confirm-
ing the formation of AZSH crystal. The powder XRD technique has
been employed to examine the crystalline phase and purity of the
AZSH crystal. The recorded PXRD pattern is shown in Fig. 1b. It is
worth mentioning that the PXRD pattern and indexing match very
well with reported PXRD pattern [8]. The sharpness/broadening of
diffraction peaks give determinant clue about the crystalline qual-
ity of material [9]. In present study the AZSH crystal material offers
sharp, narrow and high intensity diffraction peaks which are ideal
feature of material exhibiting good crystalline nature and lesser
density of defects and grain boundaries [10,11]. The crystals with
lesser defect centers are eventually desirable for device fabrication.

Thus the intrinsic and extrinsic factors that dwells the property
of linear optical transmittance in crystal is governed by the elec-
tronic transition facilitated by the interaction of electromagnetic
signal with material composition (atoms, ions, electrons) [12–14]
while the limit of transmittance is determined by molecular aniso-
tropy along the crystal plane and internal scattering/absorption
from defects (grain boundaries, voids, cracks, bubbles, impurities,
solvent inclusions) [15,16]. The designing of polarizer and lenses
demand high quality and optically homogeneous crystal hence in
order to testify that the optical transmittance of 1.5 mm thickness
AZSH crystal has been recorded within 200–1100 nm as shown in
Fig. 2a. It reveals that the AZSH crystal attributes the maximum
transmittance up to 67% throughout the visible region. Interest-
ingly the title crystal does not show any transition within visible
region which might have been expressed due to lesser density of
scattering centers in crystal medium [17] also the presence of
Zn2+ ion offers high optical transparency in visible region owing
to closed d10 shell electrons [18–20]. Thus wide operative wave-
length range of AZSH crystal suggest its prime utility for designing
components for transmission of 2nd/3rd harmonic signals derived
from Nd:YAG laser [21] and UV-tunable lasers [22].

The most fundamental and essential condition for crystal to
generate the SHG is to acquire the acentric symmetry and the
Kurtz-Perry powder test [23] is the most reliable tool to determine
the exact magnitude of the SHG efficiency of the given crystal. In



Fig. 2. (a) UV-visible transmittance spectrum. (b) Intensity dependent SHG
response.

Table 1
Comparison of SHG efficiency.

Crystal SHG efficiency Reference

b-HgBrCl 2.00 (KDP) [28]
K2Al2B2O7 2.30 (KDP) [29]
SMTC 1.32 (KDP) [30]
Li(H2O)4B(OH)4�2H2O 0.8 (KDP) [31]
Hg2BrI3 1.2 (KTP) [32]
AZSH 2.53 (KDP) Present
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present analysis the well grown AZSH crystals were selected and
powdered to same size micro-granules. The powdered samples of
AZSH and reference material KDP were sieved in the quartz cavity
and irradiated by the Gaussian filtered beam of Nd:YAG laser. The
output window was observed and the emission of bright green
light confirmed the prominence of frequency doubling phe-
nomenon in AZSH crystal. The SHG signal was collected through
the optical fiber and the intensity dependent response was
recorded using the BS-Stellarnet spectrophotometer. The SHG
response is graphically represented in Fig. 2b. It reveals that the
intensity of AZSH crystal is much higher as compared to KDP and
it is found to be 2.53 times higher than that of KDP crystal. In case
of typical monoclinic structural orientation of title crystal there is
strong possibility of enantiomorphous symmetry which convinces
the occurrence of nonlinear optical activity [24–26] in addition to
that the unique property of Zn2+ ion aids the ligand to ligand
charge transfer which is also the key mechanism resulting to
remarkably high second order nonlinear response in AZSH crystal
[27]. The SHG efficiency of AZSH crystal is exceptionally superior
to several inorganic crystals [28–32] currently used for NLO device
applications. The SHG efficiency is systematically compared in
Table 1.
The Z-scan technique developed by Bahae et al. [33] is the easi-
est, benchmark, reliable and sensitive technique to assess the third
order nonlinear optical (TONLO) effects flourishing in given mate-
rial due to interaction with polarized high power laser light inten-
sities. The knowledge of TONLO properties serves a vital purpose to
identify the credibility of crystal for optical power limiting, two-
photon upconversion lasing, 3D optical data storage, photody-
namic therapy, ultrafast optical switching and lithography micro-
scopic designing applications [34,35]. In current investigation the
Z-scan studies have been performed using the CW He-Ne laser
operating at 632.8 nm. The crystal sample was finely polished to
1 mm thickness and placed at sample holder positioned at the
focus (Z = 0) of beam irradiated path. The optical path is sectioned
in equal halves by the focus (Z = 0) and in order to record the close
aperture Z-scan transmittance curve the samples was translated
along the Z-direction. The optical beam transmitted through the
crystal was traced with reference to sample position using the
detector placed at far field and the Z-scan transmittance curve of
AZSH crystal is shown in Fig. 3a. As the optical signal passes
through the AZSH crystal it experiences the phase shift about the
focus tuning from peak to valley which is classified as negative sign
of nonlinear refraction (n2) [36]. The negative profile of n2 is iden-
tity feature of material inheriting the self-defocusing property [37].
The crystal offers the effect of n2 which is originated due to inci-
dent laser beam intensity of high repetition rate dwelling the ther-
mal lensing effect causing the spacial distribution of optical energy
along the crystal surface [38,39]. The on axis phase shift (DU) and
peak to valley transmittance difference (DTp-v) was calculated
using the relation [33],

DTp�v ¼ 0:406ð1� SÞ0:25jD/j ð1Þ
where S = [1 � exp (�2ra2/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 respectively calculated using the equation
[33],

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 effec-
tive thickness of the sample depending on linear absorption coeffi-
cient (a) and L thickness of the sample. The n2 of AZSH crystal is
found to be of order 10�9 cm2/W. The AZSH crystal with negative
n2 could be suitable material for optical night vision sensing
devices. The open aperture Z-scan configuration is the promising
way to examine and calculate the magnitude of TONLO absorption
coefficient (b). The Z-scan transmittance curve recorded with open
aperture of detector is shown in Fig. 3b. It reveals that as the sample
approaches the focus position the crystal allows maximum trans-
mittance which confirms the occurrence of saturable absorption
(SA) effect [40] in AZSH crystal. The SA effect typically evolves
due to dominance of ground state linear absorption over the excited
stated absorption [41]. The magnitude of b was thus calculated
using the equation [33],



Fig. 3. Z-scan transmittance curve with aperture (a) close and (b) open.

Table 2
TONLO parameters.

Crystal n2 (cm2/W) b (cm/W) v3 (esu) Reference

KH2PO4 1.16 � 10�5 1.06 � 10�5 2.75 � 10�4 [13]
a-LiIO3 5.46 � 10�7 3.95 1.63 � 10�3 [40]
AZSH �2.16 � 10�9 1.25 � 10�4 3.03 � 10�4 Present
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b ¼ 2
ffiffiffi
2

p
DT

I0Leff
ð3Þ

where DT is the one valley value at the open aperture Z-scan curve.
The b magnitude of AZSH crystal was found to be in order of 10�4

cm/W. The TONLO susceptibility (v3) is most essential parameter to
determine the polarizing ability of the material [42] and thus the v3

was evaluated by solving the given relations [33],

Revð3ÞðesuÞ ¼ 10�4ðe0C2n2
0n2Þ=p ðcm2=WÞ ð4Þ

Imvð3ÞðesuÞ ¼ 10�2ðe0C2n2
0kbÞ=4p2 ðcm=WÞ ð5Þ

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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
AZSH crystal is found to be of order 10�4 esu which is appreciably
high. The TONLO parameters of AZSH crystal are highlighted with
literature in Table 2.

The crystals that can sustain high power laser shots for longer
span without damage can undoubtedly find its importance for
manufacturing laser assisted photonics devices which justify the
fact that determination of laser damage threshold (LDT) is vital
aspect. The LDT of the AZSH crystal has been assessed in multishot
mode by focusing the polarized beam of pulse mode operated Nd:
YAG laser (1064 nm, 10 ns, 10 Hz). The beam of 1 mm diameter
was focused on the defect less and plane surface of AZSH crystal
sample using the converging lens of focal length 35 cm and each
shot was maintained for 30 s. The surface was shot by attenuating
the beam energy till the crystal show prominent damage. The
AZSH crystal showed major damage at energy of 131.4 mJ which
was also confirmed by the sound of crack. The witnessed damage
was captured in reflection mode and the microimage of damage
is shown in Fig. 4a. The LDT was calculated using the relation P
= E/spr2, where E is the energy at which crystal showed damage,
s is the pulse width and r is the radius of the damage. The laser
induced damage in crystal is nucleated due to several complex
effects such as electron avalanche breakdown, nonlinear absorp-
tion, stimulated Brillion scattering, thermally induced localized
photoionization and it is influenced by the laser parameters (repe-
tition rate, incident beam spot size, polarization mode) as well
[43–45]. The photoionization of focused crystal site driven by ther-
mal effect is more dominant phenomenon when dealing with
nanosecond time scale lasers [46] thus the surface damage is
caused in the form of breakage, cracking, solidification, fusion,
melting and decomposition of the material [47]. The LDT of AZSH
crystal is thus found to be 345.57 MW/cm2.

The knowledge of dielectric constant and dielectric loss is most
essential when designing the electro-optic and microelectronics
devices. Thus the frequency response of dielectric constant and
dielectric loss of AZSH crystal is shown in Fig. 4b. The dielectric
constant is driven by the electronic, ionic, orientation and space
charge polarization mechanisms [48]. The AZSH crystal contributes
high dielectric constant at low frequency domain as all four polar-
ization mechanisms are active while the dielectric constant
reaches to saturation state in high frequency region as polarization
activity is less responsive to high frequency of applied electromag-
netic field [49]. The attribution of low dielectric constant by AZSH
crystal at high frequencies indicates that it is capable of delivering
less power consumption and reduced Rc delay [50]. In addition the
Millers rule suggest that the material with low dielectric constant
can deliver high SHG efficiency [51] which is very true in case of
AZSH crystal. Thus the typical characteristic of low dielectric con-
stant of AZSH crystal might be an important asset for designing
photonics, THz wave generation, microelectronics, optoelectronics,
broadband electro-optic modulators and field detection devices
[52,53]. The effect of dielectric loss originates due to physical
parameters such as defects (voids, vacancies, pores, striations,
impurities, inclusions) and random surface orientation in the crys-
tal which impede the propagation of electromagnetic signal and
give rise to successive loss of signal in the form of heat [54]. The
dielectric loss of AZSH crystal significantly decreases with increase
in frequency which confirms that the grown crystal possesses good
optical quality and lesser electrically active defects [55]. The AZSH
crystal with promising dielectric parameters is desirable parame-
ter for wide range of applications.

The photoluminescence (PL) is the peculiar feature that aids to
examine the impurity level and transition of electron to different
energy states in given material by tracing the trajectory of the elec-
tron during photo-relaxation. The electron during its transition to



Fig. 4. (a) Pattern of laser damage crystal surface. (b) Frequency dependent
dielectric response. (c) PL emission spectrum of AZSH crystal.

Fig. 5. Etch pattern of AZSH crystal surface.
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ground state losses its energy in the form of electromagnetic radi-
ates and evaluation of this radiation in visible region is of vital
importance for photonic crystal to propose its utility in biomedical
and chemical applications [56,57]. The AZSH crystal material has
been photo-excited at an energy wavelength of 310 nm and the
PL emission spectrum was recorded in the range of 330–700 nm.
It is observed that the AZSH crystal attributes the single peak
maxima centered at 370 nm which determines the prominence
of violet colored emission. The absence of intermediate transition
peaks and single colored emission confirms the electronic purity
of AZSH crystal.

In crystals grown by solvent evaporation technique the nucle-
ation of in-grown defects (defect structures comprising growth
sector boundaries, solvent inclusions, growth band, slip band, grain
boundaries, dislocations, vacancies, cracks, stacking faults, etc)
occurs due to spontaneous variations in the growth conditions
and these defects largely hamper the performance of crystal
[58,59]. As far as defects study is concerned the chemical etching
is one of the simplest but effective technique which serves the pur-
pose to identify the dimensional origin of defects [60], evaluate the
distribution of defects [61], pattern of defect symmetry (triangular,
spiral, hillocks, oval, rectangular, pyramidal, square, etc) [62] and
growth habitat [63] associated with the crystal. It is resolved that
the behavior of the etching surface depends on three crucial factors
(a) selection of etchant, (b) reaction rate of etchant with selected
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plane of crystal and (c) time for which etchant is allowed to inter-
act with surface [64]. As dislocation sites are sensitive to the suit-
able etchant in present analysis the AZSH crystal was etched with
water and the etch pattern were recorded in reflection mode as
shown in Fig. 5. It is observed that the surface without etching
shows randomly distributed pits and striations however as the sur-
face was etched with water it uncovers systematically oriented
etch pattern. The microimage captured after 7 s reveals the inter-
mixed etch pattern which might have been observed due to segre-
gation of impurities. Further etching for 13 s reveals the clear
picture of etch pits which are evenly distributed along the crystal
surface and appear quite dark. The darkness indicate that the etch
pits are fairly deep due to which the reflected light gets trapped
and does not reach the microscope tube. The etch pit density
(EPD) of AZSH crystal is found to be 9.6 � 103 cm�2.
4. Conclusion

The promising inorganic NLO AZSH single crystal has been suc-
cessfully grown by slow solvent evaporation technique. The cell
dimensions and space group of AZSH crystal has been determined
by means of single crystal XRD technique and the good crystalline
nature has been confirmed by powder XRD analysis. The UV–visi-
ble studies revealed that the AZSH crystal has wide optical trans-
parency window with transmittance of 67% within the
wavelength range of 200–1100 nm. The promising NLO behavior
of AZSH crystal has been confirmed by Kurtz-Perry test and Z-
scan analysis. The SHG efficiency of AZSH crystal is found to be
2.53 times higher than KDP crystal which is proposed to be flour-
ished due to enantiomorphous crystal orientation and effective
ligand to ligand charge transfer ability of Zn2+ ion. He-Ne laser
(632.8 nm) beam irradiation inculcated negative nonlinear refrac-
tion and saturable absorption effect in AZSH crystal. The n2, b
and v3 of AZSH crystal is found to be �2.16 � 10�9 cm2/W, 1.25
� 10�4 cm/W, 3.03 � 10�4 esu respectively. The 1064 nm Nd:YAG
laser induced surface damage threshold of AZSH crystal is found
to be 345.57 MW/cm2. The AZSH crystal has been scanned within
330–700 nm which revealed the single peak at 370 nm indicating
the prominence of violet colored emission. The dielectric analysis
uncovered the low dielectric nature of AZSH crystal which estab-
lished it as suitable material for application at higher frequencies.
The etching study revealed the oriented growth habitat of AZSH
crystal with EPD of magnitude 9.6 � 103 cm�2. The AZSH crystal
with promising optical, dielectric and microscopic properties is
advised as potential alternative candidate for designing electro-
optic modulators, microelectronics, optical switching and laser
assisted photonic devices.
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