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Abstract

Pure and ZnS added ADP (ammonium dihydrogen pladspkingle crystals have been grown at room teatpez by
the free evaporation method. A total of six crigstaave been grown and characterized structuradlyemically, thermally,
optically, mechanically and electrically by usinigetsuitable standard methods. Results obtainedtatel that the impurity
molecules have entered into the ADP crystal mat#xS addition is found to increase the SHG efiiyesignificantly. All the
grown crystals exhibit good optical transmissiontlie entire visible region. Results of AC and Déckical measurements
indicate a normal dielectric behaviour for all tiséx crystals grown. The electrical parameters, MXC electrical conductivity,
dielectric constant, dielectric loss factor and &@ctrical conductivity are found to increase wilte increase in temperature.

The optical, mechanical and electrical parametas faund to vary nonlinearly with the impurity (Ari®ncentration.
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1. INTRODUCTION

Ammonium dihydrogen phosphate (ADP, NMHPQO,) has
superior physical properties and has been expldibeda
variety of applications. ADP crystal is a reprdatne of
hydrogen-bonded crystals. It possesses antiféetoe
piezo-electric, electro-optic, dielectric and naekr optical
properties. Applications of integrated electroioptinclude
high speed modulation and switching of optical algrfor
telecommunication and signal processing [1-6]. AdDystal
is antiferro-electric and belongs to orthorhombig/stal
system with space group P22; below the temperature
148.5K. Above this temperature, it is para-electind
belongs to tetragonal crystal system with spaceimid2d
[7-9].

Several researchers have carried out a lot of egucin pure
and doped (with organic and inorganic) ADP crystalfiey
have found that several physical properties of AdDystals
can be modified by adding impurities like *Ni Mg®,
ammonium malate, thiourea, L-lysine monohydrockleri
dihydrate, L-alanine, L-arginine and ammonium ateeta
[10-22]. Currently, a special attention is beingidcp to
modifying materials with nanostructured substances.
Extensive research work has been carried out omgyrineth
and characterization of KDP (potassium dihydrogen
phosphate) doped with metal oxide nanoparticles kO,
[23-29], CdTe nanoparticle [30] and organic dye exales
[31]. Several studies have been done on the paparand
properties of glass matrix embedded with semicotmtuc
nanocrystals [32-34] and alkali halides crystal8(KNaCl,
KClI, etc) doped with 1I-VI compounds (CdS, CdTe) ef35-37].
The density and mechanical properties of triglycnégphate

(TGS) crystals have been found to be improved hyirdp
with water-soluble CdS nanoparticle dispersed itewg8].

The 1I-VI compound ZnS is an interesting material o
account of its proven and potential applications in
photoluminescent and electro-luminescent deviceab ago
as an n-type window layer in heterojunction solatlsc
because of its large band gap 3.65 eV [39]. & omising
material for opto-electronic device applicationslsias blue
light emitting diode [40] and photovoltaic cellsl[4 It will

be interesting if we are able to dope ADP singlestals with
ZnS. ADP single crystals are normally grown at rnea
ambient temperatures by using the solution methoHst,
generally, II-VI compounds including ZnS do notstikre in
water. Now, the challenging problem is to find aywo
dissolve ZnS in the aqueous solution of ADP usedtlie
growth of single crystals. The present study istiempt in
this direction.

There are few reports available which describe the
preparation of water soluble CdS nanoparticles witnplex
molecules used as stabilizers and capping age2gJy
Tang et al [44] have prepared water-soluble CdS
nanoparticles by surface modification with ethylel@mine.
The ethylene diamine capped CdS nanoparticlesoaredfto

be slightly soluble in water.

In the present study, we have made an attemptttodince
ZnS as dopant into the ADP crystal matrix. Ethglen
diamine capped ZnS nanoparticles were preparedsiyle
solvothermal method using a domestic microwave oven
(Mahadevan's method [45-47]). Pure and ZnS dopb& A
single crystals (a total of six) were grown andrelsterized
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chemically, structurally, thermally, optically, ntemically
and electrically by using the suitable standardhods. We
herein report the results obtained and discussed.

2. EXPERIMENTAL DETAILS

2.1 Preparation of ZnS nanoparticles

Ethylene diamine capped ZnS nanoparticles wereapeep
from zinc acetate dihydrate and thiourea (both ARdg)

dissolved in double distilled water in the preseotethylene

diamine. Mahadevan's method [45-47] was adoptedhi®

above purpose. The solubility was found to be 27a0ml

of HO. Details on the preparation and characterizaibn
ZnS nanoparticles appear elsewhere.

2.2. Growth of ADP single crystals

Pure and ZnS doped ADP single crystals were grawm f
saturated aqueous solutions of ADP by using the ¢fee)
evaporation method. 0.1g ZnS nanoparticles wessotlied

in 100ml double distilled water and used as theadtp Five
different dopant concentrations were consideredadigting
1,2,3,4 and 5ml of the above solution to the ADRitgmn.
The above doped solutions were stirred well andn the
allowed to equilibrate at room temperature in atdose
zone. In the beginning stage, small crystals aggkedue to
slow evaporation. They then grew larger in a adersible
finite time. We represent the grown crystals ie same
order as Pure ADP, ZADP-1, ZADP-2, ZADP-3, ZADP-4
and ZADP-5.

2.3. Characterizations made

An automated X-ray powder diffractometer (X-PERT@R
PANalytical) with monochromatedCuk, radiation A =
1.54056 A) was used to collect the X-ray powdefradtion
data in the & range 10-7Dfor all the six powdered crystal
samples. Procedures given by Lipson and Steeplevwédre
followed to index all the reflection peaks. Thetite
parameters were determined from the indexed dakae
estimated standard deviations (e.s.d.s) were aterrdined.
Fourier transform infrared (FTIR) spectra for theré> ADP
and ZADP-5 crystals were recorded by the KBr pellet
method using a Perkin-Elmer FTIR spectrometer ie th
wavenumber range 400-4000ém Atomic absorption
spectral (AAS) analysis was carried out for theatbprystals
using an AAS spectrometer (Model AA-6300).

For the Pure ADP and ZADP-5 crystals, thermogratiime
analysis (TGA) and differential thermal analysisT@&) were
carried out using a thermal analyser (model SDT@)aaA
the nitrogen atmosphere in the temperature rangeah
temperature to 99C at a heating rate of 4O/min.

UV-Vis-NIR transmission spectra for all the six stgls
grown were recorded using a Perkin-Elmer Lambda 35
spectrophotometer in the wavelength range 190-1h00All
the six crystals grown were subjected to secondnbaic
generation (SHG) test by the Kurtz and Perry [48\vger

supplied by Spectra physics, USA. The mechanicgbgrty

of all the six grown crystals were understood byryéag out
the Vickers microhardness measurements on the (fH2@)
using a SHIMADZU HMV-2T microhardness tester with a
diamond indentor.

AC and DC electrical measurements were carriedoauall
the six crystals along both a- and c- directions the
temperature range 40-1%D Crystals with large surface
defect-free (i.e. without any pit or crack or schabn the
surface, tested with a traveling microscope) siz&n(m)
were selected and used for the measurements. Xiéveded
portions of the crystals were removed completeld #me
opposite faces were polished and coated with gaddity
graphite to obtain a good conductive surface lay8ihe
dimensions of the crystals were measured usinguaeling
microscope (Least count = 0.001cm). The obsemsativere
made while cooling the sample crystal and the teatpee
was controlled to an accuracy df°€.

The DC electrical conductivity measurements wengia
out to an accuracy of2% by the conventional two-probe
method using a million megohm meter in a way simita
that followed by Mahadevan and his co-workers [2],5
The DC conductivity £.) of the crystal was calculated using
the relations:

Uge = dcryJ (RAcrys) 1)
where R is the measured resistancgg,  the thickness of
the sample crystal and.4s is the area of the face of the
crystal in contact with the electrode.

The capacitance (9 and dielectric loss factor (téh
measurements were carried out to an accuracR¥f by the
parallel plate capacitor method using an LCR meter
(Systronics make) with a fixed frequency of 1 kidzai way
similar to that followed by Mahadevan and his coeos
[52,53]. The air capacitance { was also measured but
only at 40C since the temperature variation qf @as found
to be negligible. As the crystal surface area hing the
electrode was smaller than the plate (electroded aif the
cell, the dielectric constant of the crystal) (was calculated
using Mahadevan's formula [54,55].

E. = L Zir ] I:CfrJ-'-T_C:i'r [l_ﬂ'frJ-'S"IA:i'r::I
r i
Y Cair

@)

where G is the capacitance with crystal (including air), C
is the capacitance of air and,;As the area of the electrode.
The AC electrical conductivitys;,.) was calculated using the
relation:

Tae = Epfpo tand 3)
wheresz;, is the permittivity of free space aadis the angular
frequency of the applied field.

The oz, and o .values obtained could be fitted to the
corresponding Arrhenius relation:

- : . Z Bac = Opace¥p[—Ey f(KT)] (4)

method using a Q-switched Nd:YAG lasex=1064nm de — ode
9agQ 1064nm) Oac = Onac P[—Eqy /(KT)] (5)
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where s, and .. are the proportionality constants
(considered to be characteristic constants of thtenal), &

is the Boltzmann constant affdis the absolute temperature.
The activation energies {Eand Eo were estimated from the
slopes of the corresponding line plots between
inag, orlngy, and 16/T.

3. RESULTSAND DISCUSSION
3.1 Crystals grown, lattice parameters and chemical
composition

A photograph of the sample crystals grown in thespnt
study is shown in Figure 1. All the six crystalogn are
colourless, transparent and are stable in atmosphier The
TGA and DTA curves obtained for pure ADP and ZADP-5
are shown in Figure 2 [(a) and (b)]. It can beamtbod that
Pure ADP and ZADP-5 are thermally stable at legsta
18PC and 174C respectively. The decomposition takes
place at (about) these temperatures. The differeimc
thermal stability observed between these two clystakes
us to understand that ZnS molecules have entetedttie
ADP crystal matrix in the case of doped crystals.

Fig-1: Photograph showing the sample crystals grown in the
present study
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Fig-2 (a): TGA and DTA Curves observed for the Pure ADP
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Fig-2 (b): TGA and DTA Curves observed for the ZADP-5

Figure 3 shows the indexed X-ray powder diffraction
(PXRD) patterns observed in the present study. eAmmce
of sharp and strong peaks confirms the crystaltiagire of
all the six crystals grown. The average latticeapseters
estimated through PXRD analysis and the Zn atontects
of doped crystals obtained through AAS analysisgaren in
Table 1.

Table-1: The observed average lattice parameters and
Zn atom contents. The e.s.d.s. are given in pagses.

Lattice Parameters Zn atom
Crystal Volume| content
a® | c® | &y | (ppm)

PureADP | 7.490 (1) 7.549 (6)| 423.5 -~
ZADP-1 | 7.482 (4) 7.581 (1)| 424.4 0.20
ZADP-2 | 7.535 (1) 7.608 (2)| 432.0 0.52
ZADP-3 | 7.562 (1) 7.655 (1)| 437.7 0.67
ZADP-4 | 7.576 (4) 7.660 (1)| 439.7 0.70
ZADP-5 | 7.601 (1) 7.730 (3)| 446.6 0.82

The observed increase of lattice (unit cell) voluthee to
impurity addition (see Table 1) indicates that thepurity
(ZnS) molecules have entered into the ADP crystatrim
Further, it can be seen that the lattice volumeeiases with
the increase in impurity concentration. The Zmatwmntents
observed through AAS analysis (see Table 1) endthise
result. The lattice parameters observed in thegmtestudy
for the pure ADP crystal agree well with that repdrin the
literature [56]. a = 7.502 A, ¢ = 7.554 A and voki =
42518 This confirms the identity of the material (ADP)
crystallized.
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Fig-3: PXRD patterns observed for Pure and ZnS doped AlpRads

The FTIR spectra observed in the present studpdoe ADP
and ZADP-5 are shown in Figure 4. The vibratiobahds
assigned are given in Table-2. The spectra inelicad
significant difference due to doping as the dopant
concentrations considered in the present study samall.
Further, the spectrum observed for the pure ADPpzoes
well with that reported in the literature [57]. &Hkibrational
band assignments reported in the literature foe ADDP are
also given in Table 2 for comparison. Further, (RHR
spectra observed also endorse the results obtamebe
PXRD analysis in confirming the material of the stsimce
crystallized.

Pure ADP
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Fig-4: FTIR spectra observed for the Pure ADP and ZADP-5
crystals
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Table-2: The vibrational band assignments

Wavenumbers (cil) for

Zng 2 ADp.5 | Pure ADP Assignment
(present) [57]

3262 3154 3140 | O-H Stretching

23096 | 2462 | 2370 Sct?e"t‘g']?r‘;";o” band ¢

1647 1711 1646 N-H bonding of NH

1413 1409 1402 | Bending stretching of NH

1287 | 1289 | 1293 Sct?e"t‘g']?r‘;";o” band ¢

1098 1101 1090 | P-O-H stretching

904 907 930 P-O-H stretching

553 554 544 PEstretching

478 472 470 Postretching

3.2 Optical and mechanical properties

The UV-Vis-NIR spectra observed in the presentsfod all

the six crystals grown are shown in Figure 5. ©heerved
optical transmission percentages and cut off wanghes are
given in Table 3. The UV-Vis-NIR spectra indic#itat both
pure and ZnS doped ADP crystals exhibit good
transmittances towards the visible and infraredoregy and
low cut off wavelengths. The observed transpanattre of
these crystals is a desirable property for the grorystals to
have NLO applications.
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Fig-5: UV-Vis-NIR spectra observed for the Pure and ZnS
doped ADP crystals

The second harmonic generation (SHG) efficiencieseoved
are provided in Table 3. It is found that the SEfBciency
increases significantly due to ZnS doping. In &ffehe
results obtained indicate that all the six crystatswvn in the
present study are NLO active.

Table-3: The cut off wave lengths, optical transmission
percentages, SHG efficiencies and work hardening
coefficients (n)

Cutoff Optical SHG Work
wave .. | efficiency )
Crystals transmission . hardening
length (in ADP s
(%) . co-efficient
(nm) unit)
Pure ADP 331 46 1.00 3.25
ZADP-1 328 22 4.68 3.82
ZADP-2 320 49 1.79 2.46
ZADP-3 313 10.5 1.14 3.75
ZADP-4 305 50 4.84 3.02
ZADP-5 300 22 3.75 2.92
The Vicker's hardness number,jlt defined as:
H, = 1.8544 P/8 kg/mnft (6)

where P is the load applied and d is the diag@armajth of the

indentation made on the crystal surface. The Meyaw
[58] is expressed as:
P = kd" )

where k is the material constant and n is the Meyer inolex
work hardening co-efficient. Figure 6 shows thednass
behaviour (a) and log P versus log d plots (b).e Work
hardening co-efficients were estimated from th@etoof the
best-fitted straight lines of log P versus log dves.

The hardness of a material is a measure of itsteasie it
offers to local deformation and micro-indentati@sttis a

useful method for understanding the nature of jgasbw
and its influence on the deformation of the mateia9].
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Fig-6 (a): Microhardness vs Load graph for Pure and ZnS
doped crystals
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Fig-6 (b): log P vs log d graph for Pure and ZnS doped
crystals

Also, higher hardness value of a crystal indictitas greater
stress is required to create dislocation [60]. uURebtained
in the present study indicate that thg lue increases with
the increasing load. Also, it increases up toaalof 100g,
above which cracks start developing which may betduthe
release of internal stress generation with inderiat
According to Onitsch and Hanneman 'n' should hawe t
value within 1.0 and 1.6 for hard materials andvabb.6 for
soft ones [59]. The 'n' values observed in thesqme study
are more than 1.6 indicating that all the six @ailsstgrown
belong to soft materials category.

3.3 Electrical properties

Figures 7-10 show the electrical parameters obdeirvehe
present study, viz. DC electrical conductivitizf), dielectric
constant £.), dielectric loss factor (ta&) and AC electrical
conductivity @;;). All the four electrical parameters are
found to increase with the increase in temperatttewever,
there is no systematic variation observed with ithpurity
concentration (volume of ZnS solution added to #ieP
solution used for the growth of single crystals) &l the
above four electrical parameters in the whole teaipee
range considered in the present study. Figuresl4l1-
illustrate this. Moreover, the, values along both a- and c-
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directions ands,, values along a-direction observed for the ADP. But, the variation with ZnS concentratiomanlinear.
ZnS doped crystals are more than that observethéopure
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Fig.7: DC electrical conductivitiessf;) observed for the Pure and ZnS doped ADP crystals
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Fig.9: Dielectric loss factors (taf) observed for the Pure and ZnS doped ADP crystals
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Table-4: The activation energies {Eand E.)

estimated for the pure and ZnS doped ADP crystals

Activation energies (eV)
Crystal Along a - direction Along c - direction
Eac Edc Eac Edc
Pure ADP 0.111 0.275 0.163 0.270
ZADP-1 0.078 0.249 0.052 0.294
ZADP-2 0.144 0.233 0.077 0.292
ZADP-3 0.097 0.277 0.189 0.213
ZADP-4 0.095 0.258 0.106 0.197
ZADP-5 0.028 0.246 0.033 0.248

The increase of conductivity with the increaseeimperature
observed for Pure and ZnS doped ADP single crystatlse
present study is similar to that observed for s@vether

inpurities by previous authors [51]. This can lmelerstood
as due to the temperature dependence of the piratasport.
Moreover, the conductivity increases smoothly tigtouhe
temperature range considered in the present stutie
estimated activation energiesqgf{Eand Eo for the pure and
ZnS doped ADP crystals grown in the present study a
provided in Table 4. Evalues are observed to be less than
the E. values as excepted. The low values gf &d E.
observed suggest that oxygen vacancies may bensbje
for electrical conduction in the temperature region
considered.

The temperature variation of dielectric constangémerally
attributed to the electronic and ionic polarizasiprerystal
expansion, the presence of impurities and crysedéats.
The increase of, at higher temperatures is mainly attributed
to the thermally generated charge carries and iitypur
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dipoles. The increase @f at lower temperatures is mainly ~ [10].
attributed to the crystal expansion and electr@rd ionic
polarizations. Varotsos [61] has shown that, i@ tiase of [11].

ionic crystals, the electronic polarizability priaelly remains
constant. So, it can be understood that the temtymer
dependence o, observed in the case of pure and ZnS doped [12].
ADP crystals is essentially due to the temperatanmgation
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