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sulphato oxalate (KSO) single crystals at different concentration levels (1 mol%,
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Science+Business Media, LLC, thermal and second harmonic generation (SHG) efficiency properties. The Pow-

part of Springer Nature, 2024 der X-ray diffraction (PXRD) spectrum confirms the grown crystals are triclinic

crystalline system with space group P1 for pure KSO and it remains unchanged
for LS-doped KSO single crystals at different concentration levels except small
angular shift for few intense peaks. As the doping concentration increases, the
intensity of (201) peak increases due to the preferred orientation of c-axis and the
absence of (- 100), (— 101) peaks. The presence of doped molecules was identified
through infrared spectroscopy. The absorbance was decreased with increasing
doping concentration and indirect band gap energy increased from 3.9 eV for
pure KSO to 4.6 eV for 3 mol% LS-doped KSO which indicates that these materials
are one of the best choices for efficient light conversion materials. The crystalline
perfection of grown crystals was assessed by High-resolution X-ray diffraction
(HRXRD) technique. At an optimum doping concentration, the crystalline per-
fection was increased due to predominant occupation of doped molecules at the
sites of grain boundaries. The thermal stability of the samples was carried out
using thermo gravimetric analysis (TGA) and differential thermal analysis (DTA)
study. The sharp increase in photo luminescent intensity for 3 mol% LS-doped
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KSO at 563 nm is preferable for green light fluorescence applications. The rela-
tive second harmonic generation (SHG) efficiency was increased with increasing
doping concentration. At 3 mol% of LS doping, KSO crystals showed an enhanced
efficiency by 1.45 times to that of standard KDP crystals. Thus, the grown crystals
were found to have potential applications for optoelectronic device applications.

1 Introduction

The new class of organic and semiorganic based single
crystals has gained much attention of many research-
ers in the field of non-linear optics (NLO) for the fab-
rication of different optoelectronic devices. Although
the growth of inorganic based single crystals have
critical issues like controllable growth, uniform ori-
entation, identical thickness and also patterning in
desired direction, the organic materials based opto-
electronic devices exploits because of their intrinsic
unique property of conjugated bonds among the mol-
ecules and the formation of extremely low density
defects. And also, organic single crystals possess bet-
ter NLO efficiency but shows poor in mechanical and
thermal stability. Our recent studies on the growth
of organic based single crystals showed better linear
[1] and NLO properties for device fabrication [2, 3].
Growth of organic crystals with better SHG efficiency
is in much demand because of their low cost of materi-
als, simplicity in growth and ease of device fabrication.
The recent developments of inorganic based single
crystals exploits their applications in semiconductor
industry because of their better mechanical and ther-
mal stability but poorer NLO efficiency [4]. Most of
the inorganic based single crystalline materials doped
with a suitable dopant were used to tune their proper-
ties as well [5]. The routes of growing inorganic single
crystals in different techniques also play a vital role
for their excellent properties like laser damage thresh-
old, mechanical strength, higher polarizability, wide
transparency, because of their strong molecular or
ionic boding nature of the inorganic materials. There-
fore, in order to achieve better mechanical strength,
thermal stability, excellent transmittance and higher
NLO efficiency with flexible chemical interaction, one
has to choose other phase of materials such as semi-
organic materials. There are many reports on this class
of materials which showed better optical, mechanical,

@ Springer

thermal properties [6-11]. In order to harmonize the
properties of the host materials, the doping technique
has been using extensively by many researchers across
the globe in the field of crystal growth. The synthe-
sis of doping compound into host materials alters its
intrinsic properties such as lattice parameters, crys-
talline quality, optical transmittance window and
NLO response because the dopant causes hybridiza-
tion and initiating additionally obtainable electrons
for conduction process [12]. This doping method also
useful to alter the bang gap energies and the dopants
can shift the fermi level and create impurity states
[13]. The recent literature reports on pure and differ-
ent amino acids doped semi-organic single crystals
are extensively employed SEST method and reveal
the improvement of their NLO efficiency and other
physio-chemical properties for different optoelectronic
and photonic device applications [14-20]. Most of the
amino acids are zwitter ionic in nature and molecular
chirality behaviour causes to strengthen the host mate-
rial strength mechanically and thermally with wide
transparency [21, 22]. L-threonine doped potassium
dihydrogen phosphate unidirectional grown single
crystals showed better crystalline perfection without
any structural grain boundary and red shift in its band
gap energy with more than 80% of transmittance could
replace the pure KDP single crystals for device appli-
cations [23]. Our recent reports on L-Phe doped KDP
crystals revealed interesting facts such as crystalline
perfection which has not deteriorated up to an opti-
mum value of doping concentration [24]. Our current
research is on potassium sulphato oxalate (KSO) single
crystal, a triclinic crystal system with space group P1.
It is one of the semi-organic single crystals to grow by
a low cost effective conventional SEST method and
it has good laser damage threshold, mechanical and
thermal stability than pure KDP [25]. Hence, it makes
our interest to see its behaviour by means of doping
with amino acids at different concentration levels.
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Therefore, tuning the characteristics of KSO semi-
organic single crystals with L-Serine (LS) dopants at
varied concentration levels into the KSO crystalline
matrix is quite interesting. The common observation
in most of the amino acids is that the proton is trans-
ferred from the carboxylic group (COO") to the amino
group (NHj;") resulting in the ionic character of the
zwitterionic molecules. Among all the amino acids,
L-Serine has a shorter side chain with bi-functional
organic groups, i.e.hydroxymethyle group as shown
in inset of Fig. 1. It provides many additional proper-
ties which are not common in other amino acids. This
hydroxymethyle side chain provides high polarity and
it can interact freely with water molecules or with the
external environment. Therefore, it easily gets solu-
ble with the polar solvents and can combine quickly
with KSO compound. Therefore, in the present inves-
tigation, L-Serine doped KSO single crystals by SEST
method were successfully grown and characterized
for the first time to see their properties for different
optoelectronic device applications.

2 Experimental: synthesis and crystal
growth

The synthesis of pure KSO was made with the
raw materials of potassium sulphate (minimum
assay ~99%, AR grade) and oxalic acid (minimum
assay ~ 99.5%, AR grade) are purchased from S D Fine-
Chem Limited, Mumbai India. The saturated solu-
tion was prepared by taking these compounds in a
stoichiometric ratio of 1:1 using deionized water. This
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saturated solution was re-crystallized and the solution
was filtered with Wattman filter papers (dia ~ 125 pm)
to remove the impurities present in the raw material
and repeated the same process for 3 times. Finally, the
synthesized pure KSO compound was obtained, when
the prepared solution was dried on a heated plate at
a temperature somewhat higher than the room tem-
perature (RT). In slow evaporation solution growth
technique (SEST), the super-saturated solution of
pure KSO was prepared using deionized water at RT
and kept in four beakers with 100 ml in each. In three
beakers, 1 mol%, 2 mol% and 3 mol% concentration
of LS compound was added as a dopant. The above
dopant concentrations of LS compound were chosen
because of its less molecular weight, i.e. 105.09 g/mol.
To achieve the homogeneous saturated solution, the
temperature was increased slightly by ~0.5 °C and
then decreased back slowly to RT. The thus prepared
solutions were covered with perforated aluminium
foil with few fine holes to control the evaporation rate
and then kept for slow evaporation for single crys-
tal growth at RT. The crystallization took place in
20-30 days and harvested crystals are shown in the
Fig. 1la-d.

3 Characterization techniques

The grown crystals were subjected to PXRD using
Bruker Discover D8; with CuK, radiation source
of wavelength 1.5406 A. The spectra were recorded
within the angular range of 10" <26 <90" at a scan rate
0.3° min"! at RT. UV-Vis-NIR spectroscopy studies
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Fig. 1 Conventional SEST grown single crystals of a Pure b 1 mol% ¢ 2 mol% and d 3 mol% concentrations of LS-doped KSO (the

inset shows the molecular structure of 1.-Serine (LS) dopant)
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were made using CECIL 7400 Double-beam spec-
trometer in the wavelength range of 200 nm-1100 nm
at a scan rate of 200 nm/min with slit width of 5 nm.
Fourier transform Infrared (FT-IR) Spectroscopy was
performed using Bruker, USA, Alpha T Model. The
transmittance spectrum was recorded at room tem-
perature within the limit of wave number range of
500-4000 cm™! with spectral resolution 1 cm™.. Pho-
toluminescence spectra were recorded for grown
crystals using F-7000 FL-Spectrophotometer at RT.
The excitation wavelength 280 nm was chosen for the
samples and scanned in the range of 350-700 nm with
a scan speed of 1200 nm/min. The slit width for both
the excitation and emission spectra were fixed at 5 nm.
High-Resolution X- ray Diffractometry (HRXRD)
using a PANalytical X'Pert PRO MRD system with
CuKa; radiation was employed to assess the crystal-
line perfection of bulk grown crystal specimens. The
thermal stability and mass loss of the samples were
measured using TGA and DTA analyses. Kurtz pow-
der technique [26] was employed to determine the
relative performance of the SHG efficiency among
the pure and doped specimens using Q-switched Nd:
YAG laser (1064 nm. Quanta ray Series, USA) set at
10 ns pulse duration with frequency repetition rate
of 10 Hz. These experimental techniques are well
described in our recently published article [24].

4 Results and discussions
4.1 PXRD analysis

The powder x-ray diffraction study was preferred
to understand the structural stability of grown pure
and LS-doped KSO single crystals at different dop-
ing concentrations. The obtained XRD spectra of
grown crystals shown in Fig. 2 were compared with
the already reported single crystal XRD spectra with
MoKa radiation (A =0.71073 A) obtained for pure KSO
[25]. The unit cell parameters and volume of the unit
cell (V) of grown crystals were refined using checkcell
software and obtained values were shown in Table 1.
The obtained refined data showed that the crystalline
system is triclinic with space group P1 and remains
unchanged for LS doping at all concentrations. The
calculated (hkl) indices of the corresponding reflecting
Bragg planes were indexed as shown in Fig. 2.

From the data, the lattice constants and unit cell
volume almost remain unchanged with LS doping
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Fig. 2 Powder XRD pattern of pure and 1, 2 and 3 mol% con-
centrations LS- doped KSO crystals

in KSO single crystals [25]. This indicates that the
doped LS molecules occupied the interstitial sites of
the KSO crystal. The increased intensity of the (201)
peak for 3 mol% LS-doped KSO single crystal indicates
preferred growth along the c-axis [3]. And it is our
interest to see the crystalline perfection of the same
plane which was discussed more elaborately in the
forthcoming Sect. 4.4. The peaks observed in the pure
KSO specimen (- 100), (- 101) at 20 =14.53° and 15.24’,
respectively, were nearly absent in the doped speci-
men at higher doping concentrations, i.e. at 3 mol% of
LS-doped KSO crystals. It is due to the reason that LS
compound predominantly induced into the absented
(-100), (-101) planes due to the strong interactions
between the proton donating and accepting groups
of amino acids (NH") in L -serine and carboxylic acid
groups (COQ") in oxalic acid. The sharp and intense
peak observed for (-201) at higher doping concentra-
tion levels suggests good crystalline perfection as
revealed in HRXRD studies described in Sect. 4.4.

4.2 FT-IR studies

The pure KSO and LS- doped KSO single crystals
at different concentrations were subjected to FT-IR
spectroscopy in the wave number range from 600 to
4000 cm ™" using KBr pellet technique to identify the
functional groups present in the grown specimens and
it is depicted in Fig. 3. To observe more clearly the
functional groups at lower wave numbers present in
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Table 1 Refined unit cell Parameters Reported pure  Refined pure KSO I mol%LS-  2mol%LS- 3 mol% LS-
parameters of pure KSO KSO [25] doped KSO  doped KSO  doped KSO
and LS-doped KSO using
chekeell software a(A) 6.37 6.364(7) 6.341(5) 6.363(1) 6.376(7)

b (A) 7.03 7.170(1) 7.014(8) 7.013(2) 6.937(4)
c(A) 10.61 10.592(3) 10.615(9) 10.627(9) 10.612(3)
V (A)} 456 455.7(1) 455.3(5) 453.2(1) 449.1(2)

Fig. 3 FTIR spectrum T T

a 6004000 cm™' and b
600-2000 cm™! of pure
KSO and 1, 2 and 3 mol%
concentrations of LS-doped
KSO crystal
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the spectrum, it was redrawn as a separate spectrum
between 500 and 200 cm™ and shown in Fig. 3b. The
O-H band observed at 1401 cm™ in pure KSO [25],
was slightly shifted to higher wave number regions
1405, 1407 and 1410 cm™ in the case of 1 mol%, 2 mol%
and 3 mol% concentrations of LS-doped KSO crystals,
respectively. It indicates the presence of carboxylic
groups, which were predominately occupied in the
KSO matrix. The shifting of IR band is prominent
at higher doping concentrations i.e. at 3 mol% as
expected.

The C-C stretching bond was assigned to the peaks
at 916, 916 and 917.8 cm™! for the 1 mol%, 2 mol%
and 3 mol% concentrations of LS-doped KSO crystal,
respectively [27]. CH, stretching band was observed at
1009 cm™ in only 3 mol% LS-doped KSO single crys-
tals [27]. The symmetric S=O stretching was assigned
for pure KSO at 1124 cm™ [25] while it was shifted to
1127 cm™ for LS-doped KSO at all 1 mol%, 2 mol%
and 3 mol% concentration levels. Similarly, S-O-H
plane bending was also observed at 1120 cm™! for
pure KSO [25] while it was shifted to 1121 cm™! for
1 mol%, 2 mol% and 3 mol% doping concentrations
of LS in KSO crystals. The C-H bending was observed
for pure KSO at 1471 and 790 cm™! [25], which were
slightly shifted to 1468 cm™ and 796 cm™ in all LS-
doped KSO crystals. The peak corresponding to LS
dopant at 1301 em™ corresponding to C-H symmetric

3000 4000 1000 1500 2000

Wavenumber (cm’1)

stretching was observed only in 3 mol% concentra-
tion sample [27]. The strong intensity vibration band
at 1684 cm™ is attributed to C=O absorption band with
asymmetric stretching of COO- for pure KSO while
it was shifted significantly to 1701 cm™ in 3 mol%
LS-doped KSO crystal. The intense peak observed at
3424 cm™ is assigned to O-H stretching vibration of
hydrogen bonds in pure KSO, which was shifted to
3418 cm™ at all the experimental concentration levels
of LS in KSO. The assignments of molecular vibrations
for corresponding wave numbers measured in cm™
obtained from the experiment are shown in Table 2.

4.3 UV-Vis-NIR spectral analysis

Figure 4a, shows the UV-Vis-NIR spectrum of pure
crystals and LS-doped crystals at 1 mol%, 2 mol% and
3 mol% concentrations. The optical absorbance of the
grown crystals decreased during the spectral range
from 400 to 1100 nm and the cut-off wavelengths
also found to be decreased due to doping. The cut
—off wavelengths were measured from Fig. 4a. For
pure KSO it is 310 nm and for doped KSO at 1 mol%,
2 mol% and 3 mol% LS concentrations the values are
305 nm, 297 nm, 274 nm, respectively. This blue shift
in cut-off wavelength, which is highest at 3 mol% LS
doping is favourable for the NLO activity. The band
gap energies were measured using the following

@ Springer
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T;ll;le 2 FTIR as§1gnments Assignments of molecular vibrations Pure 1 mol% LS- 2 mol% LS- 3 mol% LS-
of the pure potassium KSO  dopedKSO  doped KSO  doped KSO
sulphato oxalate (KSO) and _1 _1 1 _1
(cm™) (cm™) (cm™) (cm™)
LS-doped KSO crystals at
different concentration levels O-H stretching 3424 3418 3418 3418
(i-e. 1 mol%, 2 mol% and C=0 band/y,, COO™ 1684 1686 1687 1703
3 mol%) C-H bending 1471 1468 1468 1468
O-H due to carboxylic 1401 1405 1407 1410
C-H symmetric stretching - - - 1301
S—O-H plane bending 1220 1221 1221 1221
Symmetric S=0 stretching 1124 1127 1127 1127
C—C stretching - 916 916 917.8
CH, rocking - - - 1009
C-H bending 790 796 796 796
C—C stretching/y,, SO, 720 720 719 718
Fig. 4 a Optical absorb- R A= T I = ; ]
ance spectrum and b band [ PKSO+1 mol% L-serine —— PKSO+1 mol% L-serine
[\ L 0, . 0000
gap energy spectrum of pure 3 | —o— PKSO+2 mol% L-serine] =~ [ PKSO+2 mol% L-serine o ot
KSO and 1, 2 and 3 mol% = |1 PKSO+3 mol% L-serine | g [ HESCE et Ls;;emgr;f"f” A
concentrations of LS-doped S ; % | E;‘tf 7 ]
KSO crystal § % Fouor3100m =1 £ If‘ s
< o ! A =305nm - S ’/ .o by
o) i et > I e o .
S i Ao 2970m < | # P et ol ]
-2 i A =274nm =1 {i,' ./ E=3.90eV |
N }I, /. E=398eV
i 3 I : i , E=4.10¢V ]
P N o e r e ! Ly, EF460eV T
200 400 600 80 1000 1200 3 4 5 6
Wavelength (nm) hv(eV)

relation from the experimentally obtained absorption
co-efficient () [3, 28],

(ahv)" = A(hv - Eg> 1)

where A is an arbitrary constant and if n = %%, the above
equation is valid for indirect transitions and n =2 for
direct transitions, h—plank’s constant and v- frequency
of the incident photons and E, is the optical band gap
energy. The linear portion of the curve extrapolated to
zero absorption was well fitted to the indirect optical
band gap nature and hence the values were obtained
from the plot of (ahv)'/? against “hv” as in Fig. 4b. The
band gap (Eg) was found to be 3.9 eV for pure KSO
while 3.98 eV, 4.1 eV and 4.6 eV were obtained for LS-
doped KSO crystals, respectively, for 1 mol%, 2 mol%
and 3 mol% concentrations. As the band gap energies
of the grown crystals more than 2 eV are treated as
wide band gap (WBG) materials which have proper-
ties lie between the semiconductors and insulators

@ Springer

such as high critical electric field density, frequencies
and high thermal stability [29]. WBG energy materi-
als have garnered significant interest in several sectors
such as photonics, optoelectronics and spintronics.
[30]. WBG’s allow devices to switch larger voltages
and bring the electronic transitions in the frequency
range of visible regions or even produce ultraviolet
radiations [29]. Therefore, the grown samples are suit-
able for better light conversion efficiency which makes
these crystals a good choice for fabrication of optoelec-
tronic devices like LED’s and laser diode semiconduc-
tor materials.

4.4 High-resolution XRD analysis

Figure 5 shows the high-resolution diffraction or rock-
ing curve (RC) recorded for pure and LS-doped KSO
single crystals for (201) diffracting planes. As seen in
Fig. 5a, the high-resolution RC is quite sharp without
any satellite peaks due to the absence of any internal
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Fig. 5 a Diffraction curve e . . ) . . _ . ' : ' :
recorded for pure KSO £ S, [é § 40000 F PKSO+1 mol% L-serine (201) plane, .
single crystal. The plots b, 3 Cuke, & S, Ok, )

c and d are, respectively, for .:: RO & 1 ‘% 30000 - ,"!‘\ T
LS-doped crystals at 1, 2 g i:% 3 I

and 3 mol% concentrations £ 20000 g‘.z - § i 20000 | rl‘-:j\ 25" -
recorded for (201) diffract- E qit g [}

ing planes by employing the é 10000 |- é :23 . E 10000 - ’,I | \‘ 4
X’Pert PRO MRD X-ray dif- 2 | (a) s § 0 S (b)
fractometer with CuKa, radi- g 0 i E 0 g i —

a -150 -100 -50 0 50 100 150 O -150 -100 -50 0 50 100 150

ation in Bragg symmetrical
Bragg geometry. The inset in
¢ depicts the compression of

Glancing angle [ arc sec]

Glancing angle [ arc sec]

40000

lattice close to the defect core Cuke,
due to interstitial point defect.
The inset in f d depicts the

very low angle structural

30000 |

grain boundary responsible 20000 -

for the satellite peak at the
lower Bragg diffraction angle
of the RC

10000 |

40000 [-PKSO+2 mol% L- sennp (201) plane, 4

i | PKSO +3mol%
"1 L-serine, (201) plane||

Interstitial

Diffracted X-ray intensity [c/sec]

0 oo
-150 -100 -50 O

Glancing angle [ arc sec]

structural grain boundaries. The full width at half
maxima (FWHM) of the RC of pure KSO [Fig. 5a] is
16 arc sec, which is very close to that expected from
the plane wave dynamical theory of X-ray diffraction
[31]. The crystals which showed this characteristic
behaviour such as the single sharp diffraction curve
with low FWHM indicates the crystalline perfection
is quite good [31].

Figure 5b shows the RC for a typical 1 mol% LS-
doped KSO single crystal specimen using (201) dif-
fracting planes recorded under identical conditions
as that of Fig. 5a. The FWHM of the main peak is
25 arc sec without any additional peak(s) showing
the absence of low angle and very low angle grain
boundaries which indicates the crystalline perfec-
tion is good but due to doping, the FWHM slightly
increased from 16 to 25 arc sec. In case of the Fig. 5¢
corresponding to doping level at 2 mol%, the FWHM
is further increased from 25 to 28 arc sec. In this curve,
it is interesting to note the shape of the curve with
respect to the exact Bragg peak position, which is not
symmetric when compared to Fig. 5a and b. This indi-
cates the fact that the crystal lattice at the defect core at
higher concentrations leads to compressive stress [as
depicted in the inset of Fig. 5c] resulting in reduced
lattice constant ‘d” around the defect core leading to

LT
[}
2
3,
230000 F \\\ Cuka, 4
7]
=
5
=
€ 20000 } ]
E |16"
<
3 10000} ]
8 .
9] £ ; - (d)
£ i
50 100 150 150 -100 50 O 50 100 150

Glancing angle [ arc sec]

more scattered intensity (from local Bragg diffracted
intensities of the lattice around the interstitially occu-
pied dopants) along the wings of the diffraction curve
at higher Bragg angles. This is well understood from
the fact that in the Braggs’ diffraction equation, i.e.
2dsinf =nA, when ‘d" decreases, the Bragg angle 0
increases [3, G. Durgababu & G. Bhagavannarayana et.al
(2021)]. The asymmetry in Fig. 5b is not that visible
due to the relatively lower concentration of dopants.
Figure 5d shows the RC recorded for the sample
with 3 mol% doping of LS in KSO single crystal. This
DC is different from that of Fig. 5a—c with an addi-
tional peak (with FWHM value of 21 arc sec) at an
angle of 26 arc sec away from the main peak (with
FWHM value of 16 arc sec) and depicts the presence of
a very low angle boundary as the misorientation angle
ais less than one arc min [31]. This RC has some inter-
esting features. The FWHM of the main peak is the
same as that of the undoped KSO crystal and depicts
good crystalline quality. The FWHM of the additional
peak is 21 arc sec. This value is also small enough as
expected for nearly perfect crystals [32]. As observed
in our earlier investigation about the dynamic nature
of point defects on KDP crystal grown by temperature
lowering method [33], in this sample at a higher con-
centration of 3 mol%, initially during the growth the

@ Springer



795 Page 8 of 12

dopants entered into the crystalline matrix at intersti-
tial sites. Due to self-generated compressive stress, a
very low angle boundary (a microstructural disorder)
had been formed and the dopants seem to be segre-
gated along the boundary. Since these are microscopic
defects, the macroscopic properties do not really affect
much, yet the benefit of doping has been achieved in
the crystals exhibited by the bulk crystals as we have
seen in the present studies.

4.5 TGA-DTA analysis

The thermal properties and mass loss were studied
for pure and LS-doped KSO grown crystals at differ-
ent concentrations (1 mol%, 2 mol% and 3 mol%). The
grown samples are made into fine micron sized pow-
der samples. Approximately ~ 13.5 mg weight of pow-
der samples was used for TG-DTA in nitrogen atmos-
phere in the temperature range from 20 to 600 °C. The
heating rate was of the order of ~10 °C min™'. The
sample was taken in an alumina crucible during the
measurements. The obtained thermo gravimetric (TG)-
differential thermo gravimetric (DTG) curves showed
in the Fig. 6a-d are for pure, and 1 mol%, 2 mol% and
3 mol% LS-doped KSO samples, respectively. It is seen
from Figs. 6a—c, the weight loss occurs in five stages

Fig. 6 TGA-DTA curves

J Mater Sci: Mater Electron (2024) 35:795

while in case of Fig. 6d the weight loss occurred only
in one stage. Initially there was no weight loss up to
100.3, 83, 83 and 217.5 °C in pure, 1 mol%, 2 mol%
and 3 mol% concentrations of LS-doped KSO crystals,
respectively. The first gradual weight loss at 6.35%,
1.707%, 3.08% occurred in the temperature ranges
between 100.3 and 136.3, 83 and 134 and 83 and 160.45
°Cis assigned to the loss of water at endothermic peak
of DTG curve at 106.2, 106.2 and 86.7 °C, respectively,
for pure [25], 1 mol% and 2 mol% LS-doped KSO
single crystals. The second significant weight loss
occurred in the samples in TG curve at 7.51%, 3.48%
and 2.72% in between 136.3 and 181.84 °C, 134 and
179.05 °C, 186.156 and 160.45 °C are due to the release
of gaseous products like CO, CO, in association with
small endothermic peak at 182, 182 and 188 °C that
corresponds to the melting point of the KSO crystal in
pure [25], 1 mol% and 2 mol% concentrations of LS-
doped KSO grown crystals, respectively.

The third weight loss of about 12.47%, 5.28% and
5.18% % in TG curve occurring between 181.84 and
197, 179 and 255 and 186 and 256 °C are due to major
decomposition and volatilization of the material which
is endothermic at about 199, 255, 256 and 216 °C for
pure, 1 mol%, 2 mol% and 3 mol% concentrations of
LS-doped KSO grown crystals, respectively. The final
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decomposition of the samples weight loss of 27.67%,
34.4%, 13.31% and 10% was occurred between 276 and
586, 278 and 586, 277 and 586 and 217 and 315 °C for
pure [25], 1 mol%, 2 mol% and 3 mol% concentrations
of LS-doped KSO grown crystals, respectively. The
small leftover fraction of the material is the residue
of potassium oxide [34]. The irreversible endothermic
peaks are attributed at 280, 389 and 580 °C for pure
KSO, 278, 389 and 588 °C for 1 mol% LS-doped KSO
crystals, 281, 389 and 580 °C for 2 mol% LS-doped KSO
crystals and 281, 391 and 583 °C for 3 mol% LS-doped
KSO crystals. The observed single phase transition in
3 mol% LS-doped KSO crystals with less weight loss
between 217 and 315 °C is due to the special arrange-
ment of dopants along the low angle grain bounda-
ries as observed in HRXRD results. The high melting
points and decomposition at higher temperatures of
LS-doped KSO crystals arise probably because of the
stronger bonding that exists between an oxalate mol-
ecule and a metal ion with 1-serine dopant molecules
[35].

4.6 PL analysis

The luminescence spectrum obtained whenever
the light of photon with sufficient energy is used to
excite some of the electronic states of a material. Due
to the relaxation of the material from exited state to
the ground state after a particular time interval, the
material emits radiation. In the current study, the PL
spectrum was recorded for pure KSO and LS-doped
KSO crystals at room temperature (RT). Since, 3 mol%
concentration of LS-doped KSO was found to have
a lower cut-off wavelength around 274 nm, a lower
excitation wavelength of 280 nm was chosen for all
the samples. And hence the emission spectra could be
recorded in the range of 350-700 nm. However, in the
Fig. 7, the spectra were given in the useful range of
520-600 nm.

From the spectrum, only one emission peak was
observed at 565 nm for both pure and LS-doped KSO
single crystals at all concentrations. The intensity is
distinctly higher for 3 mol% LS-doped KSO crystals
due to the higher rate of recombination between the
amino acid groups in doped specimen with carboxylic
acid groups in oxalic acids of KSO crystalline matrix
as observed in Sect. 4.2. The intensity of a single sharp
intense peak at 3 mol% LS-doped KSO specimen con-
firms the better crystalline quality and indicates that
the grown crystals at such higher concentration of
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Fig. 7 Luminescence spectrum of pure KSO and 1, 2 and
3 mol% concentrations of LS-doped KSO crystals

Table 3 Comparison of SHG efficiency

Sample SHG efficiency in
comparison with pure
KDP

Pure KDP 1

Pure KSO 1.22

1 mol% LS-doped KSO 1.25

2 mol% LS-doped KSO 1.34

3 mol% LS-doped KSO 1.45

doping cause green light fluorescence applications
[24]. However, such enhanced properties can only be
expected so long as the crystalline quality does not
deteriorate, which is quite possible when the doping
concentration is higher than a critical concentration
[24]. Indeed, in our preliminary studies, when the
dopant concentration was higher than 3 mol%, good
crystals could not be obtained to subject them to char-
acterization studies. Therefore, around 3 mol% of LS is
to be treated as the optimum value of dopant level and
well suitable for optoelectronic applications.

4.7 SHG efficiency

The SHG conversion efficiency of pure KSO, 1 mol%,
2 mol% and 3 mol% LS-doped KSO samples was
found, respectively, 1.22, 1.25, 1.34 and 1.45 times
to that of SHG of pure KDP standard sample as
shown in Table 3. The cloud movement of 7- electron
from donor to acceptor leads to high polarization

@ Springer
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to molecules. High polarization and intermolecu-
lar charge transfer are highly responsible for the
enhancement of SHG efficiency and this increase in
SHG efficiency with increasing doping concentration
also observed in our earlier reports [24]. These present
results reveal the enhancement of SHG efficiency with
LS doping in KSO single crystals and found suitable
for NLO device applications.

5 Conclusion

The pure and LS-doped KSO single crystals at dif-
ferent concentrations were grown successfully by
the simple and economical SEST method. The PXRD
spectrum confirms that the grown crystals are triclinic
crystalline system. It remains unchanged for LS-doped
KSO single crystals at different concentrations. FTIR
confirmed the presence of the doped molecules in the
KSO crystalline matrix. HRXRD revealed interesting
features about the crystalline perfection in LS-doped
KSO single crystals. The gradual increase in the value
of FWHM due to increased doping level and the asym-
metry in the high-resolution RC revealed that the
dopants occupied the interstitial positions. However,
at the highest possible doping level of 3 mol%, the
self-driven compressive stress introduced in the lattice
led to a microscopic very low angle boundary. How-
ever, the crystalline perfection of the main crystalline
block improved and the dopants uniformly segregated
along the grain boundary. The indirect band gap ener-
gies obtained from UV-Vis-NIR spectroscopic studies
revealed that the grown crystals are suitable for effi-
cient light conversion device applications. TG-DTA
curves revealed the thermal stability needed for device
applications. The PL fluorescence spectra revealed that
the crystalline quality at higher doping concentrations
is in good coherence with HRXRD results and the
grown crystals at optimum doping concentration are
good for fluorescent green light emission applications.
The increased relative SHG efficiency at 3 mol% con-
centration of LS-doped KSO was obtained up to 1.45
times with that of the KDP crystals, which is another
important finding in this class of semi-organic single
crystalline materials. Therefore, the present studies
revealed that the doping into the host compounds,
helps in tailoring band gap energies and good non
-linear optical response while maintaining the thermal
stability and crystalline perfection within the range

@ Springer
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of studied doping concentration, which suggests that
the grown crystals have a wide range of optoelectronic
and NLO applications.
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