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ABSTRACT: Single crystals of untreated and copper (Cu’*) metal ion-doped L-alanine
aluminium nitrate (LAAN), a room-temperature slow evaporation organic nonlinear optical
material. Single crystals were studied for structural, spectral, optical, hardness, second-
order non-linear optical, electrical [(alternating current (AC) and direct current (DC)],
and photoconductivity properties as they grew. Crystallinity, monoclinic structure with
space collection P,,, and lattice specifications were deliberate using single crystal X-ray
diffraction investigation. The existence of functional clusters is revealed by the spectral
properties, and the means of vibration of various molecular clusters existing in LAAN
were evaluated using Fourier transform infrared (FTIR). The low cut-off wavelength and
transmittance properties were determined using optical analysis. The band gap energy of
LAAN and Cu-doped LAAN crystals was estimated to be 3.40 eV and 2.70 eV, respectively,
using the Tauc plot. It was revealed that pure crystals had a lower dielectric constant
than crystals that had been doped with copper. After doping with rising temperatures, AC
conductivity started to rise. With the use of the Kurtz and Perry approach, the effectiveness
of the grown crystal’s second harmonic generation was computed, Cu-doped LAAN
was discovered to be 3.3 times more prominent than potassium dihydrogen phosphate
(KDP) and 2.2 times more prominent than pure LAAN crystals. The nonlinear optical
characteristics of LAAN crystals have therefore been improved by copper doping. It is
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most suited for use in electro-optic applications like laser technology, telecommunications
and optical signal processing because of its negative photoconductivity.

Keywords: LAAN single crystals, copper, non-linear optical material, second harmonic
generation (SHG)

1. INTRODUCTION

The most significant field of science and technology is crystal growth. A
significant field of research in crystal engineering and materials is the creation
of compounds based on metal-organic frameworks.! Among them, nonlinear
optical (NLO) materials are crucial for the development of cutting-edge modern
technologies, including telecommunication, signal processing, data storage,
super-resolution lithography, and microscopy as well as higher harmonic and
terahertz (THz) generation.>* The next generation of integrated photonic circuits
is expected to use NLO materials, specifically those with well-defined designs
on the (sub)wavelength length scales.”® NLO materials have attracted a lot of
attention lately due to their applications in lasers, optical transfers, mixing and
rearranging, data repositories, and electro-optic programming.” Due to their
greater nonlinearity than traditional inorganic materials, organic constituents that
can be used in NLO tools are in high demand. Complexes of amino acids have
recently been explored.®® Amino acids have the potential to be useful materials
in NLO applications. Since all amino acids have chiral uniformity and crystallise
in non-centrosymmetric space clusters, they are crucial in NLO applications.®
Numerous natural amino acids have NLO properties due to their chiral carbons, a
proton-donating carboxyl (-COOH) group, and a proton-accepting amino (-NH,)
group.'' The neutral alanine molecule is composed of zwitterions, which means
that the carboxyl group has been dissociated and the amino group has been
protonated. Hence, salts of L-arginine, L-histidine and L-alanine were formed
with various organic/inorganic acids.'? L-alanine compounds have received far
less attention and are likely to form a more stimulating material. Recently, several
novel complexes containing the amino acid L-alanine have been crystallised,
and their structural, optical and thermal properties have all been studied.’* As
a result, enhanced research is needed to understand the consequence of various
types of adulteration on the physical specifications of this material. The crystal
structure of L-alanine in 1:1 and 2:1 nitric acid ratio has already been reported.'
At room temperature, we employed a gradual evaporation strategy in this study
to grow divalent metal particles Cu®>" doped and pure LAAN single crystals from
an aqueous solution. The properties of obtained or grown single crystals were
examined. The results of the characterisation show that Cu-doped LAAN single
crystal has superior dielectric, electrical and NLO assets to another dopant.
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2. EXPERIMENTAL

2.1  Crystal Analysis

LAAN was created by combining L-alanine and nitric acid in a 2:1 stoichiometric
ratio and adding double-distilled water to it. A considered quantity of copper (II)
chloride (CuCl,) additives were mixed into the LAAN solution to make doped
LAAN. Separate preparations were made for the pure and doped LAAN solutions
and thoroughly dissolved in double distilled water before being thoroughly stirred
in ambient conditions for about 4 h with a magnetic stirrer to ensure homogeneous
temperature and concentration over the entire volume of the solution with pH set
to 2.5. Both solutions were heated to 50°C to obtain pure and doped LAAN salts
(in separate beakers). The filtered solution was then transferred to crystal growth
containers, where it crystallised via steady evaporation at room temperature. The
salt was then repeatedly crystallised to remove impurities.'” Transparent, colourless
solo crystals of LAAN were obtained over the course of 10 days. Figure 1 displays
images of LAAN single crystals that are both pure and doped.
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Figure 1: Picture of grown crystals (a) Pure LAAN and (b) Cu-doped LAAN.

L-alanine (CH;CHNH,COOH) and nitric acid (HNO,) were combined in a 2:1
stoichiometric ratio to produce LAAN.!® The following process was used to
determine the appropriate amounts of L-alanine and nitric acid:

2CH,CHNH,COOH + HNO, = C,H,NO", + C;H,NO", -NO, (1)
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The crystal’s chemical structure (Figure 2) is shown below:
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Figure 2: Crystal’s chemical structure.

2.2 Characterisations

Utilising industry-standard software, the powder X-ray diffraction pattern was
used to determine the cell characteristics of the formed crystal. Both pure and doped
single crystals were crushed and filtered through a sieve with a micron aperture
to create powders with uniform particle sizes. They were then examined using
a Panalytical Powder X-ray diffractometer (Germany) with nickel-filtered CuK
radiation (35 kV, 30 mA) to perceive how Cu?" doping affected the LAAN crystal
system and lattice specifications. Under the same experimental conditions, entire
samples were scanned at room temperature for an angle range of 10° to 60° of 20
at a scan rate of 0.001/s. Following the KBr pellet technique, Fourier transform
infrared (FTIR) examination applying a BRUKER 66V FT-IT spectrometer
(USA) in the range 4,000 cm 'to 400 cm! confirmed the association of L-alanine
with nitric acid. To study the optical transparency of the grown crystals,
UV-vis spectra in the wavelength range of 200 nm to 1100 nm were noted
employing a Lambda 35 UV-Vis-NIR spectrometer (Canada). For the current
investigations, single crystals of pure and doped LAAN (thickness 2 mm) were
cut and polished. One of a crystal’s most vital strength specifications is hardness,
and this trial is non-destructive. A SmWA" ion laser operating in the 490 nm area
with a power density of 0.125 Wem ™ was used to handle the photoluminescence
spectrometer. The Perkin Elmer LS 55 luminescence spectrometer (Waltham,
USA) was used to record the photoluminescence spectrum for the LAAN single
crystal. The current study’s excitation wavelength is 390 nm. The hardness of
a substance is a range of its resistance to permanent deformation of the lattice.
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Utilising an optical microscope and a Vickers diamond pyramidal indenter-
equipped microhardness tester (HMV-2) (Maharsahtra, India), the microhardness
of the crystal was assessed. The microhardness value was calculated using loads
ranging from 10 g to 100 g. Radical cracks develop as a result of mechanical
contact between the impression and the crystal facet. With a HIOKI 3532-50
LCR meter (Japan), dielectric dimensions were made between 100 kHz and 2
MHz. Without light, a Keithley 485 pico ammeter (Japan) was utilised to analyse
the photoconductivity calculations. The Kurtz powder method was applied
[second harmonic generation (SHG)] to ascertain the sample’s second harmonic
generation.

3. RESULTS AND DISCUSSION

3.1 Powder X-ray Diffraction Analysis

Figure 3 displays the powder X-ray diffraction gratings of Cu*" doped and
undoped LAAN crystals. It was discovered that the intensity of a few reflections,
such as (2 0 0), (1 0-4) and (3 0 0), increased. This shows that the Cu?*-doped
KDP’s overall crystallinity has increased. The characteristic peaks of the pattern
do not vary as Cu*" concentration rises, but the intensity of the peaks related to
(2 0 0) constantly rises and achieves peak value. This peak’s elevated potency
could be attributed to plane surface enlargement caused by the rapid production
of planes normal to it in the existence of dopant molecules.!”!® Engrossed dopant
molecules on the facet also make impurity molecules entering the crystalline
matrix more difficult, resulting in higher ideal crystalline. Pure and Cu*" doped
KDP crystals have remarkably similar crystallographic parameters, validating that
the single crystal included the monoclinic structure with the space group of P, as
shown in Table 1. This clearly shows that Cu?* doping affects crystal morphology
but not crystal structure. LAAN’s crystal structure is unaffected by the dopant
material. Lattice strain caused by dopants in LAAN crystals changes the unit cell
parameters of the doped samples.!” The substitution or arrangement of the smaller
lattice Cu** molecule by the larger LAAN molecule caused a slight rise in the
lattice specifications and unit cell volume of LAAN crystals, allowing the lattice
to be strained.?
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Figure 3: Powder XRD pattern of pure LAAN and Cu-doped LAAN.

Table 1: Lattice (a,b,c) specifications of untreated and Cu** doped LAAN crystals.

LAAN Lattice parameters Volume
crystals a (A) b (A) c (A) B (©) (As)
Reported 7.851 5.441 12.806 94.05 544.81
Pure LAAN 7.835 5.344 12.890 94.15 545.43
Cu**-doped LAAN 7.876 5.545 12.989 94.38 559.21

3.2 Vibrational Spectral Analysis

To determine whether the crystals have functional groups. FTIR spectrum synthesis
of both untreated and doped LAAN crystals was performed between 400 cm™' and
4000 cm™ in the middle infrared (IR) regions. The FTIR frequencies of clear
LAAN crystal are shown in Figure 4. The N-H stretch of NH*" creates a broad,
strong band in the higher energy area. Because of the hydrogen bonding between
NH?*" and COO- into the crystal lattice of pure LAAN, the band’s lower energy
region has a delicate structure. The detected bands resulting from fundamental
vibration are compatible with the evidence that has been published.?’ > The
hydrogen bonding of the NH* and COOH groups was responsible for the
ascent, a great spike was experienced in the range 2110.19 cm™' to 2112.12 cm™.
CH3 has bending modes at 1359.86 cm™ to 1361.79 cm™ and 1503.38 cm™ to
1510.31 cm™. C-O stretch causes the 1411.94 cm™ peak, as does the COOH
group’s O-H bend at 1232.55 cm™ to 1234.48 cm™'. The IR spectra shows that
nitric acid protonates the COO- of both untreated and doped LAAN. There exists
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a minor movement in the absorption bands when the IR spectra of both untreated
and doped LAAN are evaluated, which may be the result of mixing.?* Table 2
shows the vibration values of both untreated and Cu-doped LAAN single crystals.
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Figure 4: FTIR spectroscopy analysis of pure and Cu-doped LAAN single crystals.

Table 2: Vibration values of both pure and Cu-doped LAAN single crystals.

Peak range Intensity Vibrations

Untreated/ Cu-doped

pure LAAN LAAN

3429 3440 Broadband OH elongating vibration of COOH
group

3086 3109 Sharp and intense NH elongating vibration of NH?
group

2592 2602 Weak Methyl and methane group C-H
vibrations

1680 1685 Broadband C-O elongating of COOH group

1477 1477 Sharp CH; flexing modes and NH,
expanding modes

1385 1390 Sharp and CH; flexing modes and COO™

broadband symmetric vibrations

1305 1305 Small and weak  NO;~

1209 1209 Sharp COOQO vibrations

997 999 Sharp and small ~ NO;™ group

825 820 Small and weak

NO;™ group
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3.3  UV-Vis Spectral Investigation

The optical relaying range and visibility cut-off are extremely significant optical
specifications for laser frequency conversion devices, any NLO material must
have a wide transparency window to remain efficient, hence the transmission
spectra are crucial.?® The UV-Vis broadcasting of both untreated and doped
LAAN crystals was measured, in addition, the design that resulted is revealed
in Figure 5(a). When differentiated from pure LAAN, the transmission ratios of
doped samples were discovered to be significantly higher.
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Figure 5: Pure and Cu-doped LAAN crystals (a) Transmittance spectrum; and (b) Band
gap energy graph.

According to a spectral examination of UV, both pure and doped LAAN crystals
exhibit effective relaying in the UV and visible regions, which is advantageous
for optoelectronic applications.?® According to the transmittance spectrum, the
crystal seems to have a narrow UV cut-off of 320 nm for untreated or pure LAAN,
however, the band moves to the higher wavelength side of 480 nm to 490 nm
following the integration of the Cu*" metal ions.?”’

The dependence of the optical absorption coefficient with the photon energy helps
to study the band structure and the type of transition of electrons. The optical
absorption coefficient was calculated from the transmittance using the following
relation.

o =log(1/T)/t 2)

where T is the transmittance and t ~ 1.0 mm is the thickness of the crystal. Owing
to the direct band gap, the crystal under study has an absorption coefficient (o)
obeying the following relation for high photon energies (hv):

a=A (hv—Eg)1/2/hv 3)
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where Eg stands for the optical band gap of the crystal and A is a constant.
Figure 5(b) depicts the (h)2 vs h variation.”® The linear part is extrapolated to
calculate Eg. A significant redshift is caused by a decline in the crystals’ optical
band gap energy. Using the Tauc plot (Figure 5b), both LAAN and doped
Cu LAAN crystals were projected to have band gaps of 3.4 eV and 2.7 eV,
respectively.” As a result, the UV results indicate that Cu-doped LAAN might
efficiently expand absorption and reduce electron-hole pair recombination, both
of which considerably increase SHG effectiveness.*

3.4  Photoluminescence Spectral Analysis

For the pure and Cu-doped LAAN single crystals illustrated in Figure 6, the
photoluminescence spectra were conducted in the 300 nm to 650 nm area.
A significant concentration of protonation of amino groups to carboxyl groups
occurs in the 425 nm area. It was abundantly clear that pure LAAN crystals had
a higher photoluminescence (PL) emission intensity than doped LAAN crystals.
The presence of dopants steadily decreased the intensity of the PL emission.’!
Particularly, a notable decrease in PL intensity was seen in Cu-doped LAAN
single crystals. This can be the result of stopping the process of electron-hole pair
recombination.’? As a result, the UV and PL results reveal that Cu-doped LAAN
might greatly increase SHG efficiency by successfully improving the absorption
property and suppressing the electron-hole pair’s recombination process.*

— Pure LAAN
Cu doped LAAN

425 nm

Intensity (a.u.)
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Figure 6: Photoluminescence spectra of pure and Cu-doped LAAN crystals.
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3.5 Microhardness Studies

In relation to the aforementioned NLO applications, crystals must also have good
mechanical toughness (or mechanical characteristics), which is important in
device manufacture. It is an ability of a material’s resistance to scratch-induced
localised plastic deformation.>* A smooth and flat facet of both untreated and Cu-
doped LAAN crystals of identical dimension was chosen for room temperature
hardness testing through a Leitz-Wetzlar hardness tester furnished with a diamond
square indenter. The following relationship remained used to calculate hardness
(HV) values: HV 14:8544P = d2, where P is the load in kilograms and d is the
mean diagonal length in mm.* The micro-hardness of the grown crystals was
determined by dividing the applied load by the indentation surface area. This
was done for each load with a different indentation surface area. The average
of these surface areas was used to calculate the crystal’s micro-hardness.3¢’
Figure 7 depicts the variations in hardness HV for pure and doped crystals with
load P ranging from 10 g to 100 g. The graph shows that the hardness of all
crystals increases linearly as the load increases up to 100 g without cracking.
When compared to pure material, doping increases the strength of the material
by exhibiting high resistance to dislocation motion. The higher micro-hardness
values of the Cu-doped crystals indicate that the dopant enters the LAAP crystal
lattice and possibly forms additional bonds with their neighbouring LAAP atoms,
necessitating more stress to form dislocations and a greater push to form parting,
confirming additional significant crystalline flawlessness. As a result, Cu-doped
LAAP crystals are more mechanically suitable for device fabrication.
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Figure 7: Microhardness study of both Untreated and Cu-doped LAAN crystals.

3.6  Dielectric Analysis of Untreated and Doped LAAN Crystals

The above-mentioned facets of the specimens were coated with a silver paste
to generate communication between the crystal and the copper electrodes.
A rectangular sample of both untreated and doped LAAN crystals is used for
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dielectric experiments. Plots of the dielectric constant vs frequency for LAAN
crystals that are both pure and doped are shown in Figure 8. For both untreated
and doped LAAN crystals, the dielectric constant falls with increasing frequency
and stays virtually constant in the high-frequency zone. The idea of polarisation
can be used to describe this. It is anticipated that polarisation will occur as a
result of the local electron displacement caused by the electronic exchange of ions
in crystals in the direction of the applied field. As the frequency of the applied
field rises, the space charge polarisation is unable to maintain itself and adapts
to the variation of the external field, resulting in a decrease in polarisation. Prior
studies established the values of the dielectric constant and dielectric loss.*
Figure 8(a), (b) and (c¢) depicts the frequency response of the dielectric loss in
both pure and doped crystals. This graph demonstrates that as frequency rises, the
dielectric loss falls for all samples. It is also evident that doped crystals experience
larger dielectric loss at lower frequency regions than pure crystals.* A sample
with low dielectric loss at high frequency indicates that it has good optical value
with fewer flaws, and this specification is critical for NLO materials in their
application.*!

220

200
180
160
1404

@ Pure LAAN 8(c)
@ Cu-LAAN

Current (um)

20 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Electric field (v, cm )

Figure 8: Represents the dielectric study of pure LAAN and Cu-doped LAAN single
crystals (a) Dielectric constant; (b) Dielectric loss; and (c) Dielectric current.
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3.7 AC Conductivity

The image depicts how metal-doped and pure LAAN single crystals behave in
terms of conductivity, and this electrical conductivity experiment was conducted
between 30°C and 90°C. Figure 9 demonstrates how the AC conductivity of all
specimens rises with temperature and rises at all temperatures following doping. At
room temperature, a constant frequency of 1 kHz was used to test the AC transfer
competence of both untreated and doped crystals. The defect concentration rises
exponentially with temperature, increasing electrical conductivity.** According to
the data, Cu-doped LAAN crystals are more conductible than untreated LAAN
crystals. As shown in Figure 9(a), the electric conductivity at room temperature
of untreated LAAN and Cu-doped LAAN single crystals is 1.40 and 5.21 Xm™,
respectively. The initiation energy was considered by using the Arrhenius relation
by plotting 1000/T versus log conductivity.* Figure 9(b) depicts the activation
energies considered by the slope of the 1000/T versus In r plot.** We conclude
here that after doping, the activation energy decreases. When Cu impurities were
added to LAAN crystals, the lattice defects increased, increasing conductivity and
thus decreasing activation energy which is found to be 0.45 (pure LAAN) and
0.22 (Cu-doped LAAN).#4¢
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Figure 9 (a) AC electrical conductivity versus temperature for pure and Cu-doped LAAN
crystals; and (b) variation of In (r) with 1000/T of pure and Cu-doped LAAN
crystals.

3.8  Photoconductivity

A photoconductivity study was conducted for Cu-doped LAAN single crystals
and the dim current was measured for all the growth crystals. Figure 10 shows the
variety of both dull current (I;) and photocurrent (I,) with the connected electrical
field. The plot clearly shows a connection to the electric field and the I; and I, current
test straightly increased. The plot above plot denotes dim current is continuously
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more important than the photocurrent, and it confirms the presence of negative
photoconductivity. The negative photoconductance (NPC) effect, defined as an
increase in resistance upon exposure to illumination, holds great potential for
application in photoelectric devices.*’” In contrast to positive photoconductivity,
NPC refers to a phenomenon in which conductivity decreases under illumination.
It has novel application prospects in the field of optoelectronics, memory, gas
detection, etc.®®
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Figure 10: Field-dependent photoconductivity of Cu-doped LAAN single crystals.

3.9 SHG Competence Test

Using a modified Kurtz and Perry setup, calculations were made to determine
the SHG high yield of both pure and doped LAAN crystals. With a recurrence
rate of 10 Hz, a 1064 nm -switched Nd: YAG laser beam with an input power of
2.15 mJ and pulse width of 10 ns was used. Powdered crystals were packed into a
micro-capillary with a uniform bore and subjected to laser radiation. The intensity
of the 532 nm component was collected by monochromatic the output of each
sample (monochromator, model Triax, 550). Randomly oriented microcrystals
produced second harmonic radiation, which was focused by a lens and noticed by
a photomultiplier tube (PMT, Philips Photonics, model 8563), and demonstrated
on a cathode ray oscilloscope. The second harmonic generation was confirmed
by the green radiation that the pure and doped LAAN crystals emitted at 532 nm
(SHG). The efficacy of ordinary KDP is lower compared to that of untreated and
doped LAAN crystals.* In raw and Cu-doped LAAN crystals, SHG efficacy is 2.1
substantially greater. The effectiveness of the Cu-doped LAAN single crystal is
consequently 3.2 times that of other growing crystals. The enhanced SHG shows
that the main element in raising the relative SHG effectiveness of LAAN is the
protonation of the amino group in the L-alanine molecule.”® One of the most
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significant sightings of the current study is that Cu doping increases SHG output
significantly. Furthermore, because Cu is metallic, it may have a higher electrical
nature than pure LAAN.!

4. CONCLUSIONS AND FUTURE RECOMMENDATIONS

At standard temperature, single crystals of both untreated LAAN and doped with
Cu were developed slowly through the evaporation process. The lattice constants
of the produced crystals were determined using X-ray diffraction analysis
on a single crystal. The structural parameters of the two crystals, a = 7.851 A,
b=15441 A, ¢ = 12.806 A, b = 94.75° and volume V = 547 A, are associated
with space group P,,. The creation of one LAAN crystal is verified using FTIR
measurements. Particularly at 480 nm, the Cu-doped LAAN crystal UV-VIS
spectrum of redshift was captivated. Single crystals created of raw LAAN had an
85% transparency, while those made of doped LAAN had a 60% transparency.
The pure and doped LAAN crystal’s excellent transmission properties over the
visible area assure its appropriateness for SHG activities. Low dielectric constant
and greater frequency dielectric loss point to increased optical characteristics
in the crystals, which is crucial for NLO applications. The electric conductivity
of both untreated and Cu-doped LAAN single crystals is 1.4, 5.2, 2.3 and
3.2 Xm'!, sequentially, according to the AC conductivity measurements. The
Cu-doped LAAN crystal created through synthesis has strong fabrication potential
for NLO devices and can be integrated into photonic devices (to assess applications
like frequency conversion and optical modulation). Since the research is iterative,
each step may generate fresh issues and lines of inquiry. It’s critical to maintain
a dialogue with the scientific community to acquire diverse viewpoints on the
material’s characteristics and future applications, which will help you develop and
broaden your research in this fascinating field of nonlinear optics.
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