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Abstract: Ammonium dihydrogen phosphate (ADP) single crystals along with the incorporated 0.5
and 1% L-lysine, an organic molecule which possesses a good nonlinear response, were grown with
the vision to meet the requirements of the optoelectronic industry. The inclusion of the L-lysine
molecule in the crystal was confirmed by the XRD and EDX. The experiment not only confirms
the inclusion level of the impurity but also the capability of the amino acid molecule to bond
hydrogen within the crystal facet. A minor decrease in lattice parameters was reported for all ADP:
L-lysine crystals compared with pure ADP. The structures of the grown crystals were identified as
tetragonal with the space group 142d by the single-crystal XRD analysis. Vibrational signatures and
functional groups were confirmed using FTIR spectroscopy. The thermal stability and decomposition
temperatures of 0.5 and 1% L-lysine-added crystals were measured by TG/DTA and found to be
203 °C and 207 °C, respectively. The UV-visible transmission spectra prove a higher transparency
for doped crystals as compared to pure crystals; therefore, these doped crystals can be considered
the best option for the frequency doubling process in a broad range of visible and near-IR spectra.
The improved hardness of the doped crystals was confirmed by the Vickers hardness data. The
nonlinear optical (NLO) behaviour investigated using a second-harmonic generation (SHG) technique,
indicating an efficient quadratic nonlinear coefficient of ADP: Lysine crystals at a 1064 nm initial
wavelength, shows about 1.5-fold higher efficiency compared with undoped ADP.

Keywords: NLO crystal; optoelectronics; TGA; microhardness; SHG efficiency

1. Introduction

Solids having a specific pattern of constituent arrangement that presents identical
surroundings at every point and possesses no grain boundaries are termed single crystals.
This special category of material offers many outstanding features applicable in optical,
electronics and optoelectronic industries. In the past few decades, the optoelectronic
branch of engineering has become of extreme interest to researchers and technologists.
Optoelectronics is a technology that uses electronic circuitry to not only produce but to
detect and control the photonic signals. Being a very quickly growing technology, it is
used in most of the devices and appliances available around us. A few examples include
cameras, light emitting diodes (LED), display units, sensors, optical memories, optical
communication systems, clinical equipment, etc. The opto-electronical behaviour of crystals
depends on various factors such as intermolecular interactions, packing arrangements,
molecular orientations and molecular structures. In an optoelectronic material, the existence
of a hydrogen bond, halogen bond and 7— interaction governs the growth habits and
hence the crystal properties [1]. On the same line, the intermolecular interactions and
molecular structures direct the packing arrangement within the crystal and influence
the optoelectronic nature of the material. Molecular orientation of the molecule directly
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contributes to the electrical behaviour and photonic property of the material. The dipole
moment orientation, with respect to the electric component of light to which the material
is exposed, stimulates the emission and absorption parameters of its optical behaviour.
Intermolecular interactions, packing arrangements, molecular orientations and molecular
structures correlatively control each other and contribute to the resultant opto-electronical
nature of the material.

As organic and inorganic compounds possess diverse intramolecular interactions,
these materials offer different optical as well as electrical and electronical characteristics. It
is reported that a single crystal of an inorganic compound can be easily grown to a bulk
size. It has high mechanical strength and a high degree of chemical inertness but shows
relatively low NLO coefficients with respect to organic crystals. Conversely, organic crystals
show large NLO coefficients, high sensitivity, low mechanical strength and are difficult to
grow to a bulk size. Over the past few decades, researchers have taken efforts to combine
the advantages of the inorganic and organic compounds and have developed a new class
of material termed semi-organic crystals. The organic molecules linked by hydrogen bonds,
m-m, or van der Waals intermolecular interactions give better optical performance when
combined with inorganic salts. They offer better mechanical and electrical properties and
are proven ideal for device manufacturing. This technically important class of crystals
finds application in a variety of devices such as photodiodes, photovoltaics (or solar cells),
photoresistors, light-emitting diodes (LEDs), encoder sensor integrated circuits (ICs), laser
diodes, optical fibres, etc., as shown in Figure 1.
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Figure 1. Applications of single crystals in optoelectronic devices.

These varieties of opto-electronical devices work on different principles and hence
require various essential properties for individual applications. Researchers around the
globe are producing advanced crystals by controlling growth parameters and orientations,
morphology, bandgap, charge transport ability, optical sensitivity and electronic transitions.
With the same intentions, our goal in the present study is to enhance the optical abilities
of the ADP crystal, as its crystalline form has sound applications in the electro-optics
industry. For that, an attempt is made to grow L-lysine: ADP single crystals using the SR
method, and a detailed report is presented by examining optical (linear and nonlinear),
mechanical, and other characteristics. To improve the NLO properties of ADP crystals



Electrochem 2023, 4

257

intended for commercial usage, an effort was provided in the current experiment to produce
large-size ADP crystals with the addition of L-lysine. It should be mentioned that there
has not yet been any experimental proof of the impact of the amino acid molecule L-
lysine on the development, structural, NLO and mechanical characteristics of the desired
orientation on ADP crystals. Several complimentary techniques, including XRD, EDX,
optical spectroscopy, FTIR, Vickers microhardness and second harmonic generation, were
used to characterize the produced crystals.

2. Ammonium Dihydrogen Phosphate as an Optical Crystal

Ammonium dihydrogen phosphate (ADP) and potassium dihydrogen phosphate
(KDP) crystals are grown in sufficient sizes for a variety of technical applications. Compar-
atively, ADP crystals have greater appeal because of their piezoelectric nature [2]. Because
of distinctive nonlinear optical, dielectric and antiferroelectric properties, ADP crystals
have attracted the attention of researchers [3]. For Nd: YAG and Nd: YLF lasers, as well as
for electro-optical technology such as Q-switches for Ti: Sapphire and Alexandrite lasers
and acousto-optical applications, ADP crystals are frequently utilized as the second, third
and fourth harmonic generators. ADP (NH4H;POj), in contrast to KDP (KH,POy), has
additional N-H-O hydrogen bonds that link PO, tetrahedra with the nearby NHy group.
Two different types of bonds, (O-H-O) and (O-N-H), link each oxygen atom to the nearby
oxygen atom in the POy ion and the neighbouring nitrogen atom in the NHy ion, respec-
tively (N-H-O). As determined by the X-ray diffraction study’s positional refinements of
every atom in ADP [4], each NH, ion at the potassium location in the KDP structure is
moved to an off-centre position both above and below the phase transition point by making
two shorter and two longer bonds to four PO, tetrahedra in the low-temperature phase.
The other proton of the O-H-O bond prefers to stay away from oxygen when it relates
to the shorter N-H-O bond; however, with a longer N-H-O bond, the acid proton stays
nearby. As a result, at low temperatures, the additional hydrogen bonds disrupt the NHy
ion lattice and work in conjunction with the acid protons to form proton configurations
that are distinct from those observed in KDP at low temperatures [5]. ADP has received
significant interest in the study of hydrogen bond behaviours in crystals, and the correlation
between crystal dynamics and related characteristics.

Numerous researchers have shown vital interest in ADP crystals and various possible
doping approaches [6-8]. Several researchers report that the dopant concentration can
control the growth parameters of a crystal, in addition to the temperature, saturation of
solution and its pH. Additionally, research has been conducted on how additives affect
ADP’s growth ability, habit modification and structural variations [9-11]. Impurities can
adsorb at various places, restrict growth or even block the developing surface. In contrast,
the adsorbed impurities might also result in a decline in the edge-free energy, accelerating
crystal growth [12]. The number of additives supports the growth mechanism of crystal
growth, which in turn leads to a faster growth rate and also qualitatively improves the
various physical properties of the grown crystal. This enhanced growth rate and superior
quality crystals are reported for the addition of not only organic molecules [13-16] but also
inorganic molecules [17-19].

Crystals belonging to the amino acid group have exceptional nonlinear optical and
electro-optical characteristics. The literature confirms that amino acid additives in techni-
cally significant crystals enhance material nonlinear optics as well as ferroelectric properties.
For example, an improvement in optical and thermal stability was reported in L-alanine-
doped ADP [20], and an increase in the NLO response of the KDP crystal was seen with the
doping of L-arginine [21]. Studies are also available for amino acid additives (L-histidine,
L-glutamic acid, L-valine) in KDP [22]. Studying the impact of adding L-threonine, DL-
threonine and L-methionine to TGS crystals, the findings revealed that the admixed TGS
crystal exhibits distinct features from the pure TGS crystal [23]. L-lysine (C4H14N>O») is
one of the promising candidates for producing semi-organic crystals with the aim to be used
for nonlinear optical technology [24]. Various properties such as dielectric studies, etching,
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Seed Crystal

Growth Ampule

NLO, thermal, FTIR and microhardness of L-lysine monohydrochloride dihydrate crystal
have been described [25,26], and as with other natural amino acids, L-lysine comprises
a proton donor carboxyl acid group (COO") and a proton acceptor amino group (NH;").
Second-order nonlinearity depends on the molecule’s ground state charge asymmetry due
to donor and acceptor groups [27].

3. Experimental Procedure
3.1. Crystal Growth

The high-grade purity ADP and L-lysine were applied for growing crystals, employing
repeated recrystallization. Deionized water was used as a solvent to grow seed crystals
using the slow evaporation method. Based on the solubility information [28], 400 mL of
a saturated solution of pure and 0.5 and 1 mol% of L-lysine admixed ADP was prepared,
filtered, and the mixture was kept in beakers with a porously sealed cover; the solutions
were made to evaporate under the identical circumstances. After nine days, tiny seed
crystals were observed in a doped ADP solution and four days later in a pure ADP
beaker. Crystals attained a suitable size in almost 20 days. The seed crystals up to size
20 x 5 x 15 mm? were harvested. It was observed that the biggest size was attained by
the 1 mole % L-lysine: ADP crystal. For growing bulk size unidirectional crystals by an
SR method, good quality seed crystals having a size of 10 mm x 2 mm were chosen. The
selected, unpolished seed crystals along the (1 0 0) direction were installed carefully at the
base of the vessel [28]. The various growth vessels were carefully filled with the filtered
respective solutions of ADP. All the growth ampoules were put in an ultra-clean room with
a porously sealed top. For all the ampoules, applied temperatures were maintained at 37
°C at the top, and 33 °C at the bottom, with the help of the temperature controller; the
whole setup is illustrated in Figure 2. For L-lysine-added ADDP, crystal growth began after
five days under ideal conditions, but it took nine days for the growth to begin in pure ADP.

Cut & polished
crystal plate for
characterization

Growth Unit with temperature controller, Ring
heaters & Ampule containing Seed Crystal
Unidirectional grdwn Crystal along (1 0 0)

Figure 2. Setup for crystal growth by SR method and the grown crystal.
3.2. Growth Rate

The growth process began in equilibrium conditions with an appropriate temperature
maintained with a ring heater in the upper section of the saturated solution. Throughout the
entire growth process, the upper ring heater of the solution controls the spurious nucleation
in the vicinity of the surface. Extremely translucent crystal formation was witnessed in
ideal conditions with a growth rate of about 1.5 mm/day noted for doped crystals; however,
for pure ADDP, the rate of growth was found to be 1 mm/day only [29]. It was noted that
the growth rate was higher for 1 mole % doping of L-lysine than the other two crystals for
the 10 mm diameter ampoule. After 30 days, L-lysine-added ADP crystals around a size of
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10 mm x 40 mm were harvested. This suggests that L-lysine doping in the mother solution
enhances the growth mechanism of the ADP crystal.

ADP crystals include a variety of chemical bonds, but the weaker ones created during
crystallization have the strongest effects on crystal building. The fundamental atomic
elements approach the crystal during the process of forming crystals in an aqueous solution,
and take the structure of primary growth units that are created due to powerful chemical
bonds that exist inside them. Throughout the whole crystallization, the bond number
and bond strength within the growth units are nearly constant. The bond strength within
growth units, which makes up their constituent parts, is often stronger but has minimal
effect on the crystallization process. Instead, the weaker chemical bonds that form among
growth units throughout the crystallization mechanism ultimately determine how the
crystal will grow.

The growth rate is discovered to be affected by impurity doping. This can be explained
as follows: the surface concentration of growing species and surface energy may have
changed due to the addition of L-lysine, which has a higher solubility than the ADP. L-lysine
may boost solubility by reducing the surface energy of the growth stages, which in turn
reduces the rate of layer displacement that accelerates the growth process [30]. Urea-doped
KDP [31], L-alanine, L-Arginine monohydrochloride (LAHCI) [32] and NH4Cl [33] doped
ADP have reported similar outcomes.

3.3. Characterization

Single crystal X-ray diffraction examinations are performed on all the crystals using a
single X-ray diffractometer (Bruker Kappa Apex II), with radiation of wavelength 0.71073 A
in order to estimate the lattice constants and confirm the crystallinity of the grown samples.
The powder crystal diffraction pattern was noted using an advanced X-ray diffractometer
(Bruker AXS D8 Advance), which was exposed to CuK radiation with a wavelength of
1.54056 A. The samples were scanned at a rate of 0.02° per second over the required 20
range of 10-80°. A micro-analytical method called energy dispersive X-ray analysis (EDAX)
is utilized to learn more about the crystal’s elemental composition. In the present inves-
tigation, the crystal’s chemical constitution was examined by a JEOL Model JSM-6380A
device. The FTIR spectrum of doped and undoped ADP crystal has been studied on a
Perkin Elmer Fourier Transform Infrared spectrometer (Model: RXI) in the specific range
of 400-4000 cm~! by the KBr pallet system. Phase transition, crystallization, and various
stages of the crystal system’s decomposition are all subject to information provided by
thermogravimetric analysis (TGA) and differential thermal analysis (DTA) over a temper-
ature range of 28-800 °C in the nitrogen atmosphere, using an instrument Perkin Elmer
Diamond with alumina as the reference. The 2 mm thick grown crystal plates were sliced
and used for optical experiments. These plates had not been applied with an antireflection
coating. Using a Varian, Cary 5000 UV-Visible Spectrophotometer, the UV-visible-near-IR
transmission spectra were captured between 200 nm and 1200 nm. A hardness study of
the grown crystals over the face (1 0 0) has been carried out and is reported. For the micro-
hardness study, the grown crystals’ appropriate size was chosen. Vicker’s indenter was
used to make indentations under various loads. A number of indentations were performed
for every single load (p), and the average diagonal length (d) was used to determine the
crystals’ microhardness. Hv = 1.8544p/d? was used to evaluate Vicker’s microhardness
number. The Kurtz and Perry powder method was implemented to investigate the grown
crystals” second harmonic generation [34]. A Q-switched Nd: YAG laser operating at a
wavelength of 1064 nm, with incoming pulse energy of 1.9 mJ/pulse, a pulse width of
8 ns, and a repetitive rate of 10 Hz, was used to perform the SHG analysis on the salts of
pure and L-lysine-added ADP. The green emission of the powdered samples, which was
collected at the output, demonstrated that all ADP crystals behaved nonlinearly.
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4. Result and Discussions
4.1. Single Crystal X-ray Diffraction Analysis

The crystallinity and structural characteristics can be investigated using single crystal
X-ray diffraction examinations. Table 1 depicts the lattice constant reported in this study.

Table 1. Cell parameters of ADP crystals from Single Crystal XRD study.

Lattice Parameters

Crystals acb @) &) \sl&?)e Interfacial Angles
Pure ADP 7.510 7.654 431.68 a=p=y=90°
0.5% L-Lysine-doped ADP 7.4979 7.5348 423.60 ax=p=vy=90°
1% L-Lysine-doped ADP 7.4947 7.538 423.41 a=p=vy=90°

The lattice constants obtained in this study for grown ADP crystals are in fair agree-
ment with those obtained by earlier authors [35]. It is observed that the lattice dimensions
of these crystals belong to tetragonal unit cells that pertain to space group 142d. These
samples employ a single phase and show very feeble variation in lattice constants for doped
crystals. However, the differences in the lattice volumes between undoped and doped
ADP samples observed in the present work are too small to create any lattice distortion
in the ADP crystal. This observation confirms that the inclusion of lysine molecules has
been incorporated into the crystal lattice but has not distorted the basic lattice of the ADP
crystal. The lattice constants increase when the rate of impurity molecule adsorption is low
as compared to the rate of deposition of the growth entities, while the lattice parameters
may shorten when the rate of impurity molecule adsorption is fast compared to the rate
of accumulation of the growth entities. This fast absorption rate of impurity is further
confirmed by the increased rate of growth for dopped ADP crystals compared to pure
crystal, discussed in detail in the next section. In ADP crystal, the addition of L-lysine
causes a decrease in lattice parameters, and it is also seen that with an increase in impurity
concentration, only a slight variation in the volume of the crystal is observed.

4.2. Powder XRD Analysis

The diffraction pattern of pure ADP crystals depicts the perfect matching with JCPDS
card number 89-7401, shown in Figure 3. The XRD pattern confirms the tetragonal structure
for all the grown samples with space group I-42d. As in the diffraction spectra of the doped
ADP, the crystal exhibits no additional peaks, indicating no record of any additional phase
besides the tetragonal system. The crystallinity of the produced crystals is confirmed by
the sharpness of the peaks. The development of isolated centres of NH;" in the crystal
lattice may be the cause of the improved crystallinity in the L-lysine-supplemented ADP; it
hinders the production of bivalent ions’ chain structures [36].

The comparison of unit cell dimensions confirms the contraction of lattice dimensions
and hence cell volume with an increase in doping concentration. Further, variations in peak
intensities are noted for all the grown single crystals. In the case of doped ADP crystals,
the highest intensity is shifted to the (112) peak, whereas the pure ADP crystal’s highest
peak is at the (200) plane. This shift in peak intensity to the (112) plane must be due to the
incorporation of the L-lysine molecule near that plane [37]. The lattice dimensions and
spacing are obtained from the XRD study, and the data evaluated are listed in Table 2.
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Figure 3. Comparative X-ray Diffraction Pattern of pure and doped ADP crystals.

Table 2. Cell parameters and interplanar spacing of pure and doped ADP single crystal.

Crystal a=b(A) c(A) dqo1 (A) dago (A) dizz (A) dagz (A) dso1 (A) ds12 (A) dses (A)

Pure ADP 7.5116 7.5795 5.3355 3.7554 3.0849 2.6676 2.3774 2.0126 1.7784

0.5% L-Lysine-doped ADP 74911 7.5786 5.3276 3.7455 3.0819 2.6638 2.3716 2.003 1.7758
1% L-Lysine-doped ADP 7.4375 7.5273 5.2905 3.7187 3.0606 2.6452 2.3547 1.9945 1.7754

4.3. EDAX Characterization

A micro-analytical method called energy dispersive X-ray analysis (EDAX) is utilized
to learn more about the crystal’s precursor molecule. The sample is exposed to high-
intensity electron radiation during an energy-dispersive X-ray examination to quantify the
weight percentage of C, N, P and O, as presented in respective tables. The atomic number
of elements contained has an impact on the energy of the radiation that results from it. The
intensity and binding energy relation of the photoelectron that was released are recorded in
the EDAX spectrum. It is noteworthy that the measurements of the number of constituents
available in the sample are shown by peak height and peak area in Figure 4.

The elements carbon, nitrogen, oxygen and phosphorous are found in the grown
crystal sample indicated by the corresponding energy peak. The energy peaks obtained in
the EDAX spectrum of the element are given as oxygen 0.525 keV, phosphorous 2.013 keV,
nitrogen 0.392 keV and carbon 0.277 keV. The presence of carbon validates the incorporation
of amino acid molecules in doped crystals, which is also verified from the XRD data.
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Figure 4. EDAX Characterization of (a) pure, (b) 0.5% L-Lysine and (c) 1% L-Lysine-doped ADP.

4.4. FTIR Analysis

FTIR spectra of all the grown ADP crystals were recorded and are plotted in Figure 5.
The O-H vibrations of water, the P-OH group, and the N-H bond vibrations of ammonium
are responsible for the broadband in the high energy area [33]. The hydrogen bond
interaction of nearby molecules causes the band’s broadness [38]. The combination of band
vibrations at 1281 and 1089 cm ! causes the peak at 2379 cm ™. The peak at 1646 cm ™! is
caused by water bending vibrations. The bending vibration of ammonium is what causes
the peak at 1402 cm~! [39]. The P-O-H vibrations produce the 1092 cm~! and 932 cm™!

peaks. The peaks for the POy vibrations are at 544 and 470 cm ™.
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All functional groups are tabulated in Table 3 and indicate the shift in absorption wave
number, owing to changes in the bond lengths of the O-H and P=0O bonds. In addition, the
weak force of attraction between the O-H and P=0 bonds governs the optical properties of
the ADP crystal. This force of attraction may possibly originate from the presence of the
NH,* ion in the tetragonal ADP crystal lattice, which is in good agreement with the results
previously reported in a few studies [40].

Table 3. FTIR of pure and doped ADP.

Pure 0.5% L-Lysine Doped 1% L-Lysine Doped
SN Functional Group ADP ADP ADP
cm—1 cm—1 cm—1
1 O-H stretch of water 3403 3406 3407
2 N-H stretching 3223 3227 3229
3 O=P-OH stretching 2379 2380 2382
4 O-H bending 1706 1713 1714
5 O-H bending vibrations of water 1642 1646 1647
6 Asymmeér(l)c éns(t)lfieeic(;f;thO and L 1569 1569
;S podent co0md ~
8 Bending vibration of ammonia 1409 1409 1411
9 P-O-H asymmetric stretching 1092 1091 1092
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Table 3. Cont.

Pure 0.5% L-Lysine Doped 1% L-Lysine Doped
SN Functional Group ADP ADP ADP
cm—1 cm~1 cm~1
10 C-O stretching of carboxyl group — 1089 1091
11 O-H stretching of carboxylic acid — 1000 1000
12 P-O-H asymmetric stretching 910 913 914
13 POy vibrations 544 546 546
14 POy vibrations 470 470 470

4.5. Thermal Analysis

Thermal stability and decomposition temperature of the harvested crystals were in-
vestigated by means of thermogravimetric analysis (TGA) and differential thermal analysis
(DTA), which provide details on crystallization, phase transition and various stages of crys-
tal system disintegration. TGA curves for all the grown specimens are shown in Figure 6.
The curves were obtained for the temperature range between room temperature (28 °C)
and 800 °C in a nitrogen atmosphere.

100
1% L-Lysine doped ADP
m— ().5% L-Lysine doped ADP
90 s PUITE ADP
80 -
70 -
=
E 60 - 100
Iy 98 1
Q
g 50 T 96 |
94 -
40 ~
92 -
30 - 90 T T
150 175 200 225
20 T T T T T
50 150 250 350 450 550 650

Temperature (°C)
Figure 6. TGA curves of grown crystals.

The TGA trace represents the decomposition temperature of the crystals. The initial
decomposition brought on by water molecule dehydration occurs at 195.2 °C and 196.7 °C
for 0.5 and 1 mole % doped crystals, respectively, whereas, for pure ADP, the starting de-
composition temperature is 197.1 °C. After this temperature for all the crystals, a consistent
loss of weight is seen (nearly 64%), approximately 535 °C, reflecting continuous decom-
position of the material. Above 600 °C, decomposition reaches its final state, reflecting a
maximum loss of around 80% for pure and all doped crystals. The doped crystals show a
slightly higher rate of weight loss compared to the pure ADP crystal.

The DTA of all the grown crystals was performed at the temperature range between
28 °C and 600 °C. The DTA traces shown in Figure 7 indicate a strong endothermic peak
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between 201 °C and 204 °C for doped crystals, whereas for pure ADP crystal, it is at 214 °C.
These peaks correspond to the melting of the crystals. Hence, the DTA curve reveals that
the thermal stability of the L-lysine: ADP crystal is slightly hindered in comparison to the
pure ADP crystal. It can also be concluded that with the increase in impurity concentration,
the thermal stability of crystals decreases. The incorporation of the L-lysine molecule in the
ADP crystal matrix may lead to an increase in bond order, which is inversely proportional
to the bond length. In addition, the enhanced growth rate of doped crystals due to the fast
absorption rate of impurity molecules may incorporate defects within. The inclusion of
defects and a decrease in bond length leads to a decrease in thermal stability. A similar
nature was noted for L-lysine-doped KDP [41] and L -LMHCI dihydrate-doped ADP [42].

1% L-lysine doped ADP
—0.5% L-lysine doped ADP
Pure ADP

L

L

50

150 250 350 450 550 650

Temperature (°C)

Figure 7. DTA curves of grown crystals.

4.6. UV-Vis-NIR Analysis

The linear optical characterization is primarily used to estimate the optical transmis-
sion window and cut-off wavelength for any given sample. ADP crystals find their prime
applications in optical industries; thus, it becomes necessary to carry out optical transmis-
sion studies. Figure 8 depicts the UV-Visible-near-IR transmission curve for grown crystals
in the range of 200 nm to 1000 nm.

It was seen from the spectra that the produced ADP crystals displayed good transmit-
tance over the wide window and hence found their application in UV-tuneable lasers and
frequency conversion devices [43,44]. L-lysine has improved the optical quality of the ADP
crystal, as is evident from the overlay UV-Vis-IR spectra, giving higher transmittance for
1% L-lysine: ADP crystal (~87%). This is due to the fact that in complexes involving metal
and organic coordination, the organic legend dominates the NLO effects. The amino acids
possess higher transmittance when added to ADP, resulting in an increase in transmittance.
It may be due to the interaction between the O-H and C=0 bonds [45]. Hence, it can be
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concluded that the organic L-lysine molecule increases the optical transparency of the ADP
crystal, which is in good agreement with the results reported earlier [46—48]. Additionally,
the purity of the starting materials and higher crystalline perfection play important roles in
transmittance. The optical cut-off wavelength for pure and doped crystals ranges from 214
to 220 nm.
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Figure 8. UV-Vis transmission spectrum of ADP crystals.

The linear absorption coefficient is an important parameter to consider when dealing
with the propagation of electromagnetic radiation in a crystalline material. During the path
of the radiation, each photon interacts with the constituent molecules encountering them,
and the number of interactions increases with an increase in the density or the thickness of
the sample [49]. The relation between absorption coefficient («) and photon energy (hv) is
given by

(a«hv)? = A (hv-Eg) (1)

Here, A represents constant, and Eg is band gap Energy. To measure the absorption
coefficient, the Tauc plot in between ‘(ahv)?” and ‘hv’ is plotted in Figure 9, and it is
calculated by using the formula

«=1In(1/T)/t 2)

where T is transmittance, and t is the thickness of the crystal under test, which is equal
to 2 mm in this case. The Tauc plot, shown in Figure 9a,b, gives the value of direct and
indirect band gap energy. The direct Eg estimated from the Tauc curve is found to vary
from 5.1 to 5.2 eV for grown crystals sufficient for optoelectronic devices, and the indirect
band gap is found to be in the range of 4.1 eV to 4.4 eV; it is highest for 1% L-lysine-added
ADP crystal, proving it to be suitable for optical devices [43,50].

4.7. Vickers’s Microhardness Analysis

For many applications, good quality crystals with improved optical features and
enhanced mechanical strength are required. The hardness parameter of the grown ADP
crystal was measured for the dominant face (1 0 0), and a plot of hardness value against
accompanying loads is presented in Figure 10.
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Figure 9. (a). Tauc plot of (ahv)? vs. hv and evaluation of direct optical band gap for pure and
doped ADP. (b). Tauc plot of (ochv)}/2 vs. hv and evaluation of indirect optical band gap for pure
and doped ADP.

The hardness curve reflects that the L-lysine-added ADP crystal has increased hardness
compared to the undoped ADP crystal. Hence, the addition of L-Lysine in ADP has
provided mechanical strength to the lattice of the ADP crystal; the same results are reported
in L -LMHCI dihydrate-doped ADP [42]. In the same way, it is noticed that with an increase
in the doping percentage of L-lysine, the hardness of the crystal also increases. This can be
correlated with the observations of the XRD study, which shows a decrease in the volume
of the crystal lattice for the doping of L-lysine. The reduction in volume corresponds to
minimum surface energy and hence a more stable lattice; as a result, crystals offer higher
mechanical strength compared to pure ADP [51]. It is also noticed that up to 100 gm, no
cracks have been observed in doped crystals.
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Figure 10. Variation of Hy factor with load for ADP crystals.

4.8. SHG Analysis

In order to evaluate the efficacy of the crystal to be used in NLO-assisted photonics
applications, the grown samples are subjected to the SHG test. Second harmonic generation
(SHG) is nothing but the nonlinear optical phenomenon, where the interaction of a photon
with nonlinear material facilitates the same frequency photon to effectually combine and
produce a photon with two-fold the frequency and half the wavelength of the original
photons [52]. In the present study, the nonlinear response of grown crystals is tested by the
Kurtz-Perry technique. It is the method basically employed for the estimation of second-
order nonlinear susceptibility of a sample using the phenomenon of SHG. Here, in this test,
a beam of laser with a certain fixed frequency is made to an incident on the sample under
the test, and, at the output window, the double of incident frequency captured reveals the
NLO behaviour of the material.

In the present findings, all the obtained crystals were crushed to obtain micro granules
of the size 125-150 mm so as to be greater than the coherence length of radiation used for
the test; the fine powder was then filled in a microcapillary of a uniform bore for further
photo exposure [14]. On exposing the sample to the radiation of wavelength 1064 nm, the
green emitted radiation confirms the nonlinear nature of all ADP crystals. The whole setup
and all the related parameters were set to a similar setting for all samples to attain a relative
comparison of SHG efficiency. The output signal is recorded via a photomultiplier tube,
which produces an electrical signal proportional to the intensity of the detected signal. In
addition, finally, the digital oscilloscope displays the corresponding recorded SHG voltage.
The output voltage for the pure ADP sample was obtained as 86 mV, whereas, for 0.5 and
1% L-Lysine-doped ADDP, the voltages were 94 mV and 132 mV, respectively. Considering
ADP as a reference material, the SHG efficiencies of doped ADP crystals are compared in
Table 4. The enhanced nonlinear response is observed for doped crystal due to the presence
of the amino acid molecule in the ADP crystal matrix [53,54].
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Table 4. SHG efficiency.

SN Crystals SHG (Signal) mV Efficiency w. r. t. ADP
1 Pure ADP 86 1
2 ADP doped with 0.5% L-Lysine 94 1.09
3 ADP doped with 1% L-Lysine 132 1.53

For the material to exhibit second-order nonlinearity, the compound matrix must
possess a non-centrosymmetric structure. In organic compounds, the linear and nonlin-
ear behaviour reflects an anisotropic nature. Amino acid compounds consists of proton
contributor carboxylic acid (-COOQ) assembly and proton acceptor amino (-NH2) assem-
bly. This type of molecular structure facilitates the second harmonic generation, forming
dipole-dipole orientations of H-bonded chiral molecules, which gives non-zero, first-order
hyperpolarizability [55]. Additionally, amino acids radially support the structural changes
that contribute to the rise in NLO behaviour. In the ADP: L-lysine compound, upon interac-
tion with highly intense electromagnetic radiation, the response of constituent molecules is
very expressive due to an acentric structural orientation, and the strong delocalization ten-
dency of charges results in a more polarized molecule [56,57]. In the ADP crystal matrix, the
POy group’s contribution to the SHG impact is predominant. The probability of a hydrogen
bond forming between the amino group of L-lysine and the oxide of the phosphate group
of the ADP matrix may boost the contribution of POy to the SHG response. Additionally,
the hydrogen bond and carbonyl group are incorporated into the ADP crystal due to the
addition of amino acids, which may help to increase the SHG characteristic [58,59]. In
addition, in L-Lysine, there is more dipole movement due to the presence of the polar NH3
amino group. When L-Lysine reacts with ADP, the optically active amino group tends
to replace some ammonium ions and increases its non-centrosymmetry; this may lead to
an increase in intermolecular charge transfer, which in turn gives rise to the nonlinearity
of the crystal [60]. Hence, the L-Lysine-doped ADP crystal shows a large SHG efficiency.
This confirms that the admixing of organic amino acid enhances the nonlinear response of
crystal ADP [61].

5. Conclusions

Single crystals of ADP (pure and L-lysine-added) were obtained in a temperature-
controlled environment using the S-R method. The growth direction was selected to
be along the [1 0 0] plane for all crystals. Throughout the growth process, the growth
parameters were closely monitored for all the crystals, which suggest that the addition
of an L-lysine molecule enhances the rate of growing and is directly proportional to
the doping concentration. Single crystal XRD and powder XRD confirm the tetragonal
crystal structure pertaining to the space group 142d. The chemical compositions of all
the crystals were analysed by an EDAX study. The presence of carbon in doped crystals
proves the incorporation of the impurity in the crystals. The functional group of material
was examined by an FTIR analysis. Further studies show that thermal stability tends
to decrease for doped crystals. This may be due to a decrease in bond strength and the
inclusion of defects in the crystal upon the addition of L-lysine to the ADP lattice. At
the same time, the doped crystals show higher transmittance due to the presence of an
optically active amino acid group, which proves that ADP: L-lysine crystals are good optical
quality crystals. The direct and indirect band gap estimated show a wide enough forbidden
energy gap, which is useful in optical devices. Furthermore, the mechanical strength of
the crystals was improved by the presence of organic doping. Moreover, the nonlinear
property of the ADP crystal confirms the enhancement of the NLO efficiency with doping
due to the incorporation of the carboxylic group in the crystal assembly. The molecular
interaction of the amino acid and the phosphate group of ADP with electromagnetic
radiation is the primary cause of improved SHG behaviour. Hence, it can be concluded
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that linear and nonlinear optical properties as well as the mechanical strength of crystals
improve with the addition of an L-lysine molecule to the ADP crystal, making it a more
efficient candidate for opto-electronic applications such as nonlinear frequency conversion
or tuneable laser applications.
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