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Abstract

To doubling the frequency of Nd: YAG and Nd: YLF laser sources the ammonium dihydrogen phosphate (ADP) single crystal
is widely used. In the present communication, the effect of amino acid namely as L-serine on the growth and properties of
ADP crystal is been reported. The slow solvent evaporation technique is adopted to grow pure and different weight percent-
age i.e. 0.4 wt%, 0.6 wt% and 0.8 wt% L-serine doped ADP crystals. The structural study suggested tetragonal structure
symmetry of all grown crystal with single phasic nature of all of them. The amino acid dopant alters the functional group
vibrations of ADP crystal as suggested in FT-IR spectroscopy. The change in morphology and presence of various elements
is observed in SEM and EDAX spectroscopy. The improvement is observed in various optical properties like energy band
gap, skin depth, SHG, third order nonlinear susceptibility, laser damage threshold etc. on doping the L-serine in ADP crystal.
The spectra variation of refractive index of all grown crystals is studied. The pure and L-serine doped ADP crystals have
posses negative kind of photoconductivity.

1 Introduction The present authors have studied structural, spectro-
scopic, electrical, linear and nonlinear optical properties of
The ammonium dihydrogen phosphate (ADP) is an excellent ~ pure and L-serine doped ADP crystals.
piezo-electric crystal utilized for variety of nonlinear optical

applications [1]. It is to be known that to modify the growth

rate, crystal habit etc. the impurities should be added into the
crystal undertaken for study. Due to the molecular chirality
and zwitter ionic structure [2] of amino acids, they are able
to provide optical transparency and hardness to the materi-
als. The Levo oriented serine consists of shorter side chain
in its structure and by nature it is acts as hydrogen donor
amino acid. Hence it will be easy to combine the L-serine
with ADP crystal lattice.
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2 Experimental technique

To grow single crystals of pure and different weight percent-
age of L-serine doped ADP, the present authors have adopted
slow solvent evaporation technique. In such technique the
water is acts as a solvent. The 400 ml of water volume is
taken to solute the pure ADP in it for the preparation of
saturated solution. Then homogeneity of such solution is
achieved by stirring the solution for 4 h using magnetic stir-
rer. The stirring is followed by filtration of such solution
using Whatmann filter paper. The total volume of pure ADP
saturated solution is subdivide into four beakers and then
0.4 gm, 0.6 gm and 0.8 gm of L-serine is added into the
three glass beakers. The L-serine contained ADP solution
is further stirred for another 4 h followed by filtration. All
four beakers containing pure, 0.4 wt%, 0.6 wt% and 0.8 wt%
L-serine doped ADP is then shield properly and the natu-
ral evaporation of water contain is taking place in dust free
atmosphere. The crystals of pure and L-serine doped ADP
is harvested from the each of the beakers after 20 days.
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Figure 1 shows grown crystals. For a sake of simplicity
throughout the manuscript here we adopted code as pure,
0.4 LSR, 0.6 LSR and 0.8 LSR for pure, 0.4 wt%, 0.6 wt%
and 0.8 wt% L-serine doped ADP crystal.

3 Characterization techniques

The PHILIPS X’PERT MPD system is used for the powder
XRD study and the obtained data is analysed using pow-
der—X software. The THERMO NICOLET 6700 is used
for FT-IR study. The wavenumber range chosen for such
study is 400—4000 cm™! and the potassium bromide (KBr)
media is used. The SEM and EDAX spectroscopy is done
using the JSM-7600F setup having voltage range from 0.1 to
30 kV and probe current range from 1 pA to >200 nA. The
linear optical study i.e. UV-Vis spectroscopy is done using
Shimadzu UV-2450 spectrophotometer in the wavelength of
200-900 nm. The HIOKI 3532 LCR HITERSTER is used
to study the complex admittance spectroscopy for the pal-
letized sample of crystals in the frequency rang of 10 Hz
to 10 MHz and the temperature range chose is 323-373 K.
Keithley 485 pm with the field variation of 5 to 100 V/cm is
used to study the photoconductivity. Q-switched Nd:YAG
laser of wavelength 1064 nm and input energy 0.71 J is used
to study the second harmonic generation efficiency (SHG) of
grown crystals. The CW He—Ne laser of wavelength 632 nm

is used to study the Z-scan. The Nd:YAG laser of 1064 nm
wavelength, 10 ns pulse width and 35 cm focal length is used
to study laser damage threshold of grown crystals.

4 Result and discussion

4.1 Powder XRD

Figure 2 shows the powder XRD patterns of grown crystals.
The additional phase is found to be absent in case of pure
and L-serine doped ADP crystal which suggested single pha-
sic nature of grown crystals. The grown crystals have pos-
ses the tetragonal structure symmetry with slight change in
unit cell parameter on doping the L-serine in ADP. Table 1
shows the unit cell parameters and unit cell volume of grown
crystals.

4.1.1 Williamson-Hall analysis

To estimate the lattice stain introduced by the dopant in
ADP crystal, the Williamson-Hall method is applied to the
powder XRD patterns of all the grown crystals. One can cal-
culate the limited crystallite size and the presence of crystal-
lographic distortion or strain leading to the Lorentzian inten-
sity distribution. The equation is expressed as follows [3]:

pCost) = % + #Sind (1)

Fig. 1 Single crystal of a pure, b 0.4 wt%, ¢ 0.6 wt%, d 0.8 wt% L-serine doped ADP
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Fig.2 Powder XRD pattern of (i) pure (ii) 0.4 wt% (iii) 0.6 wt% (iv)
0.8 wt% L-serine doped ADP crystals

Table 1 Unit cell parameters of pure and L-serine doped ADP crystals

Samples a=b (A) ¢ (A) Unit cell
0.02 A volume
(A%
Pure ADP 7.505 7.550 425.25
0.4 LSR 7.505 7.557 425.65
0.6 LSR 7.510 7.558 426.27
0.8 LSR 7.496 7.554 424.46

where = full width half maximum of high intensity diffrac-
tion peaks, L =the crystallite size, n=the strain, K=con-
stant =0.9, A =wavelength of incident X-rays=1.54178 A

Figure 3 shows the Williamson—Hall plots of the pure and
L-serine doped ADP crystals, respectively. The crystalline
size and lattice strain is calculated from the intercept and
slope of straight line fitting of such plots. Table 2 shows esti-
mated values of the crystallite size and the strain of grown
crystals.

From Table 2, it can be seen that on doping the different
concentration of L-serine amino acid in ADP crystal the
variation in crystallite size and strain is observed on major
scale. For instant, among the three different concentra-
tions of L-serine doped ADP crystals, the 0.4 wt% L-serine
doped ADP crystal experiences least lattice strain and has
posses the highest magnitude of crystallite size. Such
behaviour can be understood as follows: The crystallite
size is corresponds to the growth of grains in single crys-
tal. Hence, it is obvious that 0.4 wt% L-serine doped ADP
crystal with highest crystallite size would posses highest
grain growth at the time of crystal growth. Likewise, the
microscopic grains are well conducting which ultimately

increases the conduction of material (i.e. polarization of
material). Therefore, among the three different concentra-
tion of L-serine doped ADP crystals, the 0.4 wt% L-serine
doped ADP crystal have highest magnitude of polarization
which is quite beneficial to increase the nonlinear optical
second harmonic generation efficiency. The forthcoming
section of present communication shows the measured
second harmonic generation efficiency of grown crystals.

4.2 FT-IR spectroscopy

Figure 4 shows the FT-IR spectra of pure and different
weight percentage of L-serine doped ADP crystals. Such
plot shows that the L-serine doping in ADP crystals alters
the absorption band of pure ADP crystal that confirms
the presence of L-serine in ADP. As for example, the pure
ADP spectrum consist of the O—H stretching vibration of
P—-O-H group and N-H vibration of NH, group arise at
the 3135 cm™'. The PO, asymmetric stretching vibration
corresponds to the 1293 cm™' band. While the absorption
bands for same constituent element of ADP in the case
of 0.4 wt%, 0.6 wt% and 0.8 wt% L-serine doped ADP
is chances slightly. As for example peaks at 2872 cm™!
and 2868 cm~! for 0.4 wt%, 0.6 wt% and 0.8 wt% L-ser-
ine doped ADP crystals corresponds to the C-H stretch-
ing vibration. Likewise, the C=0 stretching of COOH of
L-serine arise at 1716 cm™!, 1718 cm™! and 1720 cm™!
for 0.4 wt%, 0.6 wt% and 0.8 wt% L-serine doped ADP,
respectively. The band assignments of different constitute
of pure and L-serine doped ADP crystals are tabulated in
Table 3.

4.3 SEM study

Figure 5 shows the SEM images of pure and L-serine doped
ADP crystals. From figure it can be seen that for the pure
and 0.4 wt% L-serine doped ADP crystals, the crystallites are
aggregated at one common point of the lattice as bunched
hillocks while for the 0.6 wt% and 0.8 wt% L-serine doped
ADP crystals the crystallites remains distinguishable. Hence
the change in morphology on doping the L-serine in ADP
confirms the presence of dopant in ADP crystal.

4.4 EDAX spectroscopy

Figure 6 shows the EDAX spectra of grown crystals. Further,
from Table 4, it can be seen that the percentage of carbon is
increased as the doping amount of L-serine is increased in
ADP crystal, which again indicates the successful doping of
L-serine in ADP crystal.
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Fig. 3 Williamson—Hall plots of grown crystals

Table 2 The Williamson—Hall plot parameters

Sample Crystallite size (L) (pm)  Strain () (mm)
Pure ADP 0.190 0.166
0.4 LSR 0.361 0.077
0.6 LSR 0.224 0.267
0.8 LSR 0.235 0.328

4.5 UV-Visible spectroscopy

Figure 7 shows UV—Vis transmittance spectra of pure and
different weight percentage L-serine doped ADP crystals.
The optical transmittance is increase as the wavelength and
doping concentration of L-serine is increase in ADP crys-
tals. The pure ADP crystal shows 67% maximum transmit-
tance in entire visible range while the doped ADP crystals
shows 90% (0.4 LSR), 93% (0.6 LSR) and 98% (0.8 LSR)
maximum transmittance. Hence, as mentioned earlier, due
to molecular chirality and zwitter ionic structure of L-serine
the optical transmittance is improved. The same results are
obtained in case of L-alanine doped ADP crystals [4].
Moreover, here we have studied the other optical param-
eters for pure and L-serine doped ADP crystals like optical
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energy band gap, refractive index, skin depth, refractive
index dispersion below the energy band gap etc. the equa-
tions used to determine such parameters is given elsewhere
[S].

Figure 8 shows optical energy band gap of pure and L-ser-
ine doped ADP crystals. The energy band is deduced by tak-
ing the extrapolation over X-axis of such plot. The obtained
value of such parameter for all grown crystals is mentioned
in respective plots. Here one can see that the optical energy
band is enhanced on doping the L-serine in ADP, hence the
doped crystals finds variety of applications in the field of
optoelectronics [6]. It is desirable for nonlinear optical crys-
tals that such crystals should posses the large energy band
because the energy band gap is the measure of polarization
for any dielectric material.

Figure 9 shows spectra variation of refractive index of
pure and L-serine doped ADP crystals. From figure one can
see that the trend of refractive index over wavelength range
is exactly opposite than that of transmittance for all grown
crystals. Hence the L-serine doped ADP crystal with less
refractive index compare to pure ADP can be utilize for
antireflection proposes.

Figure 10 shows the skin depth of pure and L-serine
doped ADP crystal over a energy region undertaken. As
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Fig.4 FT-IR spectra of pure and L-serine doped ADP crystals

Table 3 Band assignments of
pure and L-serine doped ADP

crystals

4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumbers (cm™)

400

Wavenumbers (cm™")

Band assignment

Pure ADP 04LSR 0.6LSR 0.8LSR

3135 3243 3249 3245 O-H vibration of P-O-H group and N-H vibration of NH,
3135 3139 3137 3139

2870 2872 2872 2868 Symmetric stretching of C-H of L-serine doped ADP
2402 2362 2357 2355 Hydrogen Bond

1717 1716 1718 1720 O-H bending, C=0 stretching of COOH

1464 1445 1445 1445 N-H vibration, C-O stretching

1402 1406 1405 1409 Bending vibration of ammonia

1293 1287 1287 1287 Combination of asymmetric stretching of PO, with lattice
1104 1097 1097 1098 P-O-H stretching, C-O stretching

909 907 906 908 P-O-H stretching, C—H stretching

549 548 548 548 PO, vibration

473 439 425 437

per the definition the skin depth is the amount of electro-
magnetic radiation penetrate inside the crystal, the skin
depth is more for L-serine doped ADP crystals compare
to pure ADP crystal. Moreover the peak value of skin

depth is mentioned in respective plot, hence from the such
value it can be notice that the skin depth peak is shifting
toward the high energy region as the doping concentration
of L-serine is increased in ADP crystal. Therefore, it is
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Fig.5 SEM images of grown crystals

worthy to mention the skin depth as a consequence of the
optical transmittance.

4.6 Refractive index dispersion below the energy
band gap

To study the refractive index dispersion below the energy
band gap for pure and L-serine doped ADP crystals, here we
consider the Wemple-DiDomenico Single oscillator model
[7]. Such model consist of inter band transition of electron
as an single oscillator.

Figure 11 shows the refractive index dispersion below the
energy band gap for pure and L-serine doped ADP crystals.
By fitting the such data in straight line manner, here we have
calculated the single oscillator energy (E,), the dispersion
energy (E4) and the momentum of such oscillator model
(M_, and M_3;). The calculated values of them is tabulated
in Table 5.

From Table 5 it is found that the single oscillator energy
(E,) is decrease on doping the L-serine in ADP crystal. It is
desire for such parameter to be as low as possible because

@ Springer

ADP + 0.4wt% L-serine

»

Electron image 1

Electron image 1

10 pm

it is corresponds to the average bond strength of given
material. Hence on doping the L-serine in ADP the bond
strength of ADP will reduced as reflect in decrement in E,,.
Therefore the incorporation of L-serine in ADP crystals
can be expected by mean of lowering the single oscillator
energy. Moreover, the E, parameter for 0.4 wt% L-serine
doped ADP crystal is least among the other concentra-
tions, hence that crystal posses superior nonlinear optical
quality.

4.7 Photoconductivity

Figure 12a—d shows the variation of dark and photo current
versus applied field plot for all grown crystals. The dark
current is found to be greater than photo current due to the
negative photoconductivity [8]. Such behaviour is attributed
to the reduction of charge carrier and their life time in the
presence of radiation. The negative photoconductivity of
grown crystals is useful for the UV and IR detector applica-
tions [9].
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Fig.6 EDAX spectrum of
a pure ADP, b 0.4 wt%, ¢
0.6 wt%, d 0.8 wt% L-serine
doped ADP crystals

(b)0.4 LSR

(a) Pure ADP

Table4 EDAX analysis of

. Sample Carbon (C) Nitrogen (N) Oxygen (O) Phosphorous (P)
pure and L-serine doped ADP
crystals wt% at.% wt% at.% wt% at.% wt% at.%
Pure ADP - - 10.54 13.46 64.48 72.11 24.98 14.43
0.4 LSR 5.91 8.88 9.21 11.88 54.43 61.47 30.45 17.77
0.6 LSR 6.23 9.34 8.57 10.42 54.43 61.56 30.67 18.68
0.8 LSR 7.43 11.23 7.56 9.43 55.23 62.41 29.78 16.93

4.8 Complex admittance spectroscopy

The complex admittance spectroscopy is useful to the
interlayer formation at electro—electrolyte interface and the
charge carrier motion. Such spectroscopy consists of capaci-
tance and conductance simultaneously as a function of tem-
perature or frequency. The equation used for both parameters
is given elsewhere [10].

Figure 13 shows temperature variation of capaci-
tance at angular frequency 100 rad s~ for pure and L-ser-
ine doped ADP crystals. The formation of interlayer at

electrode—electrolyte interface and thermally activated
charge carrier motion leads to increase the capacitance of
grown crystals as the temperature is increased. By compar-
ing the magnitude of capacitance, it is found that the 0.4 wt%
L-serine doped ADP crystal have posses highest magnitude
among the other concentrations. Such behaviour corresponds
to fact that the material with highest polarizability should
posses the highest magnitude of capacitance. Moreover, as
per the Clausius—Massotti relation [11], the material with
higher capacitance as well as higher polarizability would
possess higher second harmonic generation efficiency. The
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Fig. 7 Transmittance spectra of pure and L-serine doped ADP crystals
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Fig.8 Optical energy band gap plots for pure and L-serine doped
ADP crystals

second harmonic generation efficiency of pure and L-serine
doped ADP crystals is discussed in forthcoming section.
Figure 14 shows the temperature variation of the conduct-
ance for pure and L-serine doped ADP crystals at angular
frequency 100 rad s~!. Alike, the capacitance the conduct-
ance is increased with the temperature which suggest the
thermally activated process occurs within grown crystals.
Also, the magnitude of conductance is found to be high in
the case of L-serine doped ADP crystals compare to pure
ADP crystals. Among the three different doping concentra-
tion of L-serine in ADP crystal, the 0.4 wt% L-serine doped
ADP crystal has posses the highest magnitude of conduct-
ance. Such behaviour corresponds to the fact that the dopant
causes the defect in terms of vacancy created in hydrogen
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Fig.9 Refractive index plot of pure and L-serine doped ADP crystals
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Fig. 10 Skin depth of pure and L-serine doped ADP crystal

bonding. Such defect leads to enhance the conductance of
grown crystals.

4.9 Second harmonic generation efficiency (SHG)

The nonlinear optical SHG efficiency of pure and different
weight percentage L-serine doped ADP crystals is measured
using the Kurtz and Parry powder NLO technique. For such
experiment the output energy of pure KDP, pure ADP and
different weight percentage L-serine doped ADP crystals is
measured. By taking the ratio of output energy of different
crystals over output energy of pure KDP and pure ADP, the
SHG efficiency is determined. The SHG efficiency of pure
and L-serine doped ADP crystals is listed in Table 6.
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Fig. 11 Refractive index dispersion plots of pure and L-serine doped ADP crystals

Table 5 Dispersive parameters of pure and L-serine doped ADP crys-
tals

Sample E; (eV) E, (eV) M_, M_,

Pure ADP 1.63 5.58 0.27681 0.00801
0.4LSR 3.46 2.09 1.64957 0.37527
0.6 LSR 3.05 2.23 1.36909 0.27595
0.8 LSR 2.87 2.31 1.24173 0.23275

From the above table, one can notice that the SHG effi-
ciency of ADP crystal is increased on doping the L-serine in
it. The same results are obtained in L-arginine doped KDP
crystals [12].

Amino acids consist of a proton donating carboxy
(~COOH) group and the proton accepting amino (NH;*)
group. Among which the carboxy group and protonic bonds
are responsible for the SHG efficiency enhancement of the
parent material.

Figure 15 shows the side chain of the L-serine molecule.
The L-serine possess short side chain of hydroxy group link
with carboxy group, i.e. -CH, (OH), due to which it is easy

to remove hydrogen from the side chain of L-serine and
hence the L-serine often acts as a proton donor. During the
course of L-serine doping in ADP, the proton and carboxy
groups are introduced in structure of ADP, which ultimately
increases the SHG efficiency of ADP crystal.

Further, such an increase in SHG efficiency of ADP crys-
tal on doping the L-serine can be attributed to the phonon
induced structure displacements, which results the large
electronic polarizability and ultimately the large SHG effi-
ciency of grown crystals.

Moreover, one can estimate the SHG efficiency of grown
crystals based on the Miller rule, The Miller rule states that
the second harmonic generation efficiency of any nonlinear
optical crystals can be written as a sum of linear susceptibili-
ties. The crystals that will exhibit large nonlinear effects are
those with a large linear susceptibility at the relevant fre-
quencies of the effect considered and as per the well-known
relation P=g,x E, where P =polarization and x =linear sus-
ceptibility, i.e. the polarization is directly proportional to the
linear susceptibility, hence the crystal with higher polariz-
ability would acquire a higher susceptibility and ultimately
a higher second harmonic generation efficiency [11].
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Fig. 12 Photoconductivity plots of pure and L-serine doped ADP crystals
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Table 6 SHG efficiency of pure and L-serine doped ADP crystals

Sample Output energy SHG efficiency
(mD) W.R.T. pure KDP WR.T.

pure
ADP

Pure KDP 19.5 1 -

Pure ADP 40.3 2.06 1

0.4 LSR 47.8 2.39 1.18

0.6 LSR 443 222 1.10

0.8 LSR 46.4 2.34 1.15

H
"HiN—C—COO

H—C—H

OH

Fig. 15 Side chain of L-serine molecule

4.10 Third harmonic nonlinear optical susceptibility
(Z-scan)

On the subsequence of improvement observed in SHG
efficiency of grown crystals, we are tempted to determine
the magnitude and sign of third order nonlinear optical
parameters for our grown crystals such as nonlinear optical
absorption coefficient, nonlinear optical refractive index and
nonlinear optical third order susceptibility using the Z-scan
experiment. Previously, many authors have used the Z-scan
technique for the determination of nonlinear optical third
order susceptibility and related parameters for variety of
materials [13—15]. The equations used for the calculation
of different parameters in Z-scan are given elsewhere [5].
Presently, the Z-scan experiment is done in open and
close aperture manner for all the grown crystals. Fig-
ure 16a—d is the Z-scan spectra of pure and different weight
percentage L-serine doped ADP crystals in open and close
aperture manner. On analysing the close aperture plots it is
found that, such plots of pure, 0.4 wt% and 0.6 wt% L-serine
doped ADP exhibits the self focusing phenomena as those
plots shows valley followed by peak nature. Likewise, the
same plot for 0.8 wt% L-serine doped ADP crystals con-
sist of self defocusing phenomena as that plot shows peak

followed by valley nature. Hence the grown crystals, they
can be utilizing for different nonlinear optical applications
[16-18].

Now on observing the open aperture plots of pure and
0.6 wt% L-serine doped ADP crystal, it is found that the
normalized transmittance of both crystals is decreases
gradually due to the reverse saturable absorption phenom-
ena. While the same plot for 0.4 wt% and 0.8 wt% L-serine
doped ADP crystals shows gradual increment in normalized
transmittance suggested presence of saturable absorption
phenomena.

The various third order nonlinear optical parameters such
as difference of peak and valley, nonlinear optical refractive
index, nonlinear optical absorption coefficient and nonlinear
optical third order susceptibility of pure and L-serine doped
ADP crystals are tabulated in Table 7.

On comparing the results of Z-scan from Table 5, it can
be observed that the L-serine amino acid improves the third
order nonlinear optical susceptibility of ADP crystal. Fur-
ther, due to higher molecular polarizability and higher delo-
calization of m—electron cloud [19], the 0.4 wt% L-serine
doped ADP crystal posses highest magnitude of X(S). Such
result is in accordance with SHG efficiency of that crystal.

4,11 Laser damage threshold (LDT)

For the laser damage threshold study of grown crystals, here
we have measured power density [5]. The obtained powder
density of pure and L-serine doped ADP crystals are men-
tioned in Table 8.

For a nonlinear optical crystal, it is desired to have large
threshold against the intense laser radiation. The crystal with
crystalline perfection, higher molecular chirality and ability
of polarization may have higher LDT. From Table 6, such
characteristic may attributed to the 0.4 wt% L-serine doped
ADP crystal among the other concentration.

5 Conclusion

The successful growth of pure and different weight percent-
age of L-serine doped ADP crystals is made. The crystals
with single phase and tetragonal structure are been grown.
The presence and alteration of various functional groups of
ADP crystals on account of L-serine observed from FT-IR
spectroscopy. The presence of various elements and the
change in morphology of pure and L-serine doped ADP
crystal is confirmed by EDAX and SEM study. The L-serine
doping in ADP crystals is found to beneficial in terms of
improvement in optical transmittance, energy band gap,
second and third order nonlinear optical efficiency and the
threshold against the laser.
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Table 7 Z-scan parameters of pure and L-serine doped ADP crystals

Sample ATP,v n, (cm%W) B (cm/W) XG) (esu)
Pure ADP  0.00196 6.34x107'"  9.55%107° 1.73939x 107>
04LSR  0.00619 7.02x107'% 3.09%107 6.13674x107>
0.6LSR  0.00635 6.46x1071% 1.52%x107° 4.84375x107°
0.8LSR  0.00596 7.05x10™° 1.40%x107° 5.03257x107°
Table 8 Power. density values of Sample Power
puret zlnd L-serine doped ADP density
crystals P,
(GW/ecm?)

Pure ADP 3.55

0.4 LSR 14.7

0.6 LSR 9.30

0.8 LSR 9.75
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