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KEYWORDS Abstract The present work reports the growth and characterization of single crystals of pure tri-
X-ray diffraction; glycine sulphate (TGS) and maleic acid doped triglycine sulfate (MA-TGS). Both the crystals were
Dielectric property; grown by conventional slow evaporation solution technique. The crystal structure, composition and
Piezoelectric property; morphology of both pure TGS and MA-TGS crystals were studied using single crystal and powder
Ferroelectric property; X-ray diffraction, scanning electron microscope, and CHNS analysis. The results revealed mono-
Nanoindentation clinic crystal system for both the crystals with space group P2,. Thermal stability and melting point

of the grown crystals were determined by employing thermogravimetric and differential thermal
analysis (TG-DTA) technique. The dielectric study showed an increase in Curie temperature along
with a decrease in maximum permittivity due to MA doping. Enhanced piezoelectric, ferroelectric
and mechanical properties were obtained for the doped crystal. The value of piezoelectric charge
coefficient, d,, was estimated from ‘Displacement-Voltage (D-V)’ butterfly curves and was observed
to increase from 56.23 pm/V for pure TGS single crystal to 72.02 pm/V for MA-TGS single crystal.
An increase in the ferroelectric parameters (spontaneous and remanent polarizations) was observed
for doped TGS crystal. Also, the value of true-remanent polarization was determined using rema-
nent hysteresis task for MA-TGS crystal. Mechanical stability of grown crystals was examined
using the nanoindentation technique and various parameters such as the hardness, stiffness and
Young’s modulus were evaluated. Nanoindentation results revealed that both the crystals have a
greater capability to withstand deformation caused by applying various loads. However, the
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mechanical strength of MA-TGS crystal was observed to be better than that of pure TGS crystal.
Comparative structural, ferroelectric, piezoelectric and mechanical studies provide useful scientific
information of an important class of TGS crystals.

© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The extensive research of piezoelectric and ferroelectric mate-
rials has played a crucial role in technology developments in
various areas such as piezoelectric nanogenerators (PNGs)
for energy harvesters, sensors, actuators, non-volatile ferro-
electric random access memory (Fe-RAM), and other elec-
tronic and micro-electronic devices (Long et al., 2016; Wu
et al., 2016, 2015; Xu et al., 2016; Chang et al., 2017; Ren
et al., 2016). Among all ferroelectric materials, organic/semi-
organic materials are flexible, nontoxic and easy to process
as compared to transition metal oxides and thus, they find
many new applications in the emerging field of organic elec-
tronics (Horiuchi and Tokura, 2008).

Triglycine sulphate (TGS) crystal with the chemical for-
mula (NH,CH,COOH);3-H,SOy, is one of the extensively stud-
ied ferroelectric material. Due to its low cost, low power
requirement and wide operating range of frequency and tem-
perature it is useful for various applications like pyroelectric
detection and thermal imaging devices, room temperature
infrared (IR) detectors, transducers and sensors, etc.
(Alexandru et al., 2006; Sinha et al., 2012) Also, TGS crystals
with different additives, because of their high value of figure of
merit, have been widely used for the fabrication of sensitive
detectors (Deepthi and Shanthi, 2016; Chang et al., 2002).
The crystal structure of TGS single crystal was studied for
the first time by Hoshino et al. who reported its Curie temper-
ature to be 47 °C (Hoshino et al., 1959). They reported mono-
clinic crystal symmetry with the space group P2;, which exists
in ferroelectric phase below the Curie point. Above the Curie
temperature T, in the paraelectric phase, the structure gains
an additional set of two mirror planes m at y = 1/4 and 3/4
and the space group becomes P2;/m. Later, many studies were
carried out on TGS crystals in which its Curie temperature was
reported to be around 49-50 °C (Jiann-Min Chang et al., 2002;
Sachio Horiuchi and Yoshinori Tokura, 2008). TGS consists
of two kinds of glycine group (glycinium ions and zwitter ions)
and an SO3~ tetrahedron which are linked together by hydro-
gen bonds (Balakumar and Zeng, 2000). Such configuration of
glycine ions is responsible for the ferroelectric behavior in TGS
crystal (Li et al., 2004). However, low Curie temperature,
depolarization by thermal, electrical or mechanical means
and high mobility of ferroelectric domains at the room temper-
ature limit the use of TGS in various applications (Sinha et al.,
2015; Krishnakumar et al., 2011). These limitations of TGS
leads to a low efficiency which can be improved by adding suit-
able impurities into the TGS crystal lattice. Therefore, studies
dealing with the effect of dopants on various properties of
TGS crystals have recently been of particular interest. There
are many reports in which various organic and inorganic
dopants were used to improve the optical, pyroelectric, ferro-
electric and various other properties of the TGS crystals.
Meera et al. (2001) studied L-cystine doped TGS crystal and

found an increase in the coercive field value with doping. Var-
ious additives such as amino acids (e.g. L- and D-alanine) and
metallic ions (e.g. Cu?", Ni**, Mn?", Co**, Fe* ™, Cr* T, etc.)
have been used by many researchers to improve the ferroelec-
tric properties of TGS crystal and their effects on various other
properties such as mechanical, dielectric, piezoelectric and
pyroelectric of TGS crystals have been investigated (Abu El-
Fadl, 1999; Alexandru et al., 2004; Prokopova et al., 2001;
Deepthi and Shanthi, 2016; Muralidharan et al., 2003).

Maleic acid (MA) is an organic compound with two car-
boxyl groups with chemical formula C4;H40,4. Because of the
presence of the intramolecular hydrogen bonding in MA, it is
less stable and soluble in water (Priakumari et al., 2015). The
molecules of MA are polar and possess a strong net dipole
moment. There are possibilities of getting better piezoelectric
and ferroelectric properties by doping MA in TGS crystal.
Therefore, in the present work, MA was introduced into TGS
in order to alter its mechanical, dielectric, piezoelectric and fer-
roelectric properties. To the best of our knowledge, no literature
on MA doping in TGS exists and also there is no report on
mechanical stability analysis using nanoindentation technique
for TGS family crystals which is an important factor in deciding
the suitability of crystals for making electro-mechanical devices.
Hence, in this report, the effect of MA on the structural, dielec-
tric, piezoelectric, ferroelectric and mechanical properties of
TGS crystals was investigated and reported.

2. Experimental

2.1. Crystal growth and morphology

The single crystals of pure and MA-doped TGS were grown by
slow evaporation technique in aqueous solution. Pure TGS was
synthesized by dissolving high purity glycine (from Sigma
Aldrich) and concentrated sulphuric acid in the molar ratio of
3:1 in distilled water. Then the solution was stirred at 40 °C
for 4 h, using a magnetic stirrer to obtain a homogeneous mix-
ture. The reaction between glycine and sulphuric acid is depicted
in Scheme 1.

The resultant solution was filtered using filter paper and
transferred to a petri dish for crystallization. Highly transparent
crystals were obtained in around 20 days. The purity of the syn-
thesized salt was improved by performing successive re-
crystallization. To obtain maleic acid doped TGS crystals
(MA-TGS), 1 mol% of MA was added to the above prepared
solution for pure TGS. All the growth parameters for MA-
TGS were kept same as that for pure TGS. Transparent and
good quality crystals of MA-TGS were achieved in a lesser time
of about 15 days. Fig. 1(a) and 1(b) depict the photographs of
as-grown pure and MA doped TGS single crystals. It can clearly
be seen that MA doping has no effect on the external shape of
TGS crystal. Fig. 2 depicts the indexed morphology of as grown
TGS crystal. In order to gain a better understanding of the
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Fig. 1 Photograph of as grown (a) pure TGS and (b) MA-TGS
single crystals by slow evaporation technique. SEM micrographs
of (1 00) plane of (¢) pure TGS and (d) MA-TGS single crystals
showing the step growth mechanism.

growth mechanism, both pure and doped TGS crystals were
characterized using scanning electron microscope (SEM,
Model: EVO MAI10, Zeiss). High resolution SEM images of
(100) plane of pure TGS and MA-TGS are shown in Fig. |
(c) and (d), respectively. Three clearly separated steps can be
seen in Fig. 1(c) and (d), which confirms step growth mechanism
for TGS crystal (Sinha et al., 2009). The morphology of the

(100) surface of both the crystals is highly smooth between
these steps.

2.2. Characterization techniques

Single-crystal XRD of the as-grown crystals was carried out
using an Oxford Diffractometer model X-CALIBURS
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Synthesis of triglycine sulphate.

Fig. 2 Indexed morphology of TGS single crystal.

(Mo K, X-ray source, A = 0.71073 10&). Also, the single crystals
were ground to form powder and then subjected to powder X-
ray diffraction (XRD) using a Rigaku Ultima IV X-ray
diffractometer with Cu K, radiation (A = 1.54056 A). The ele-
mental composition of the grown crystals was analyzed by var-
ioELcube CHNS analyzer. Thermal analysis of the crystals
was carried out by recording TG-DTA data using a Perkin
Elmer Diamond system. The dielectric study was carried out
along ‘b’ crystallographic axis (AgilentE4890A) in the fre-
quency range 20 Hz-2 MHz and temperature range RT to
70 °C using LCR meter (Agilent E4890A) and the sample
holder (Agilent 16048A). The piezoelectric property of both
the crystals was studied along ‘b’ crystallographic axis by mea-
suring piezoelectric charge coefficient, d,, using an MTI-2100
Fotonic Sensor. Room temperature ferroelectric hysteresis
loops for both pure TGS and MA-TGS crystals along ‘b’ crys-
tallographic axis were traced using Radiant Precision LCII
Ferroelectric tester (Model No. P-HVi210KSC). Mechanical
behavior of grown pure TGS and MA-TGS single crystals
along (1 00) plane was analyzed using nanoindentation tech-
nique with three-sided pyramidal Berkovich diamond indenter
with a nominal edge radius of 20 nm (faces 65.3° from vertical
axis) attached to a fully calibrated nano indenter (TTX-NHT,
CSM Instruments). The tests were performed under load
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control to various peak loads ranging from 5 to 125 mN with
an approach speed of 2000 nm/min. The loading and unload-
ing speeds throughout the measurement were kept constant
(20 mN/min) with a dwell time of 10s. Total 8 indentations
(with varying load) were made at different places (separation
between two indentations is 50 pum) on an optically smooth
(100) plane of pure and MA-doped TGS single crystals. An
inbuilt AFM attached with Nanoindenter was used for taking
a topographic image of the surface. The standard Oliver and
Pharr method was used to analyze and interpret the obtained
results (Oliver and Pharr, 1992). Before indentation, the sur-
faces of TGS and MA-TGS crystals were polished to achieve
an optically smooth surface. Fig. 3(a) and (b) presents the opti-
cal images along with corresponding Atomic Force Micro-
scopy (AFM) images of roughness distribution profile for
polished (100) plane. Very smooth surfaces with several
scratch lines due to mechanical polishing can be seen with typ-
ical depths of the order of a few 100 nm. The calculated RMS
roughness parameters for pure TGS and MA-TGS were found
to be 15.1 nm and 40.02 nm, respectively (Fig. 4) which is a
reliable result with minimum error to perform nanoindenta-
tion on the surfaces.

3. Results and discussions

3.1. Powder and single crystal XRD

Pure TGS and MA-TGS crystals were subjected to the powder
X-ray diffraction (XRD) with a step size of 0.02° and scan
speed of 3 °/min in the 2 theta range between 10° and 50° at
room temperature as shown in Fig. 5. It was observed that

doping of MA in TGS crystal had no significant effect on
XRD peaks position (i.e. 20 value) but the relative intensity
of the peaks varied due to MA doping which may be due to
the change in the electronic density in the crystallographic
position of TGS crystal. In order to determine the lattice
parameters of pure and MA-TGS crystals, single-crystal X-
ray diffraction was performed. Further, the Rietveld refine-
ment of powder XRD patterns of both the crystals was carried
out using Topas software. The lattice parameters of pure TGS
and MA-TGS crystals obtained from both single crystal XRD
and Rietveld refinement are listed in Table 1. The obtained lat-
tice parameters of pure TGS crystal agreed well with the earlier
reported values (Parameswari et al., 2017; Sinha et al., 2012;
Theresita Shanthi et al., 2009). The X-ray diffraction analysis
showed no change in the crystal structure but a slight change
in the unit cell parameters of TGS due to MA doping was
observed. The changes observed in relative intensity of the
peaks in powder XRD and unit cell parameters confirmed
the presence of MA within the crystal lattice. According to
reported structural analysis, maleic acid possesses two car-
boxyl groups (—COOH) and TGS contains two kinds of gly-
cine group, NH*"CH,COOH and NH3 CH,COO™.
Therefore, it is expected that MA may attach to glycine mole-
cules in TGS lattice through O—H—O hydrogen bond between
the carboxyl groups of the glycine and maleic acid.

3.2. CHNS analysis

The CHNS elemental analysis was carried out to confirm the
presence of the desired chemical composition of the crystals.
The experimental and theoretical values of the contents of C,

Fig. 3  The optical and corresponding AFM image of polished (1 0 0) surface for (a) Pure TGS, and (b) MA-TGS crystal.
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Fig. 4 The roughness profile of (a) pure TGS crystal, and (b) MA-TGS crystal.
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Fig. 5 (a) Powder XRD patterns and (b) Rietveld refinement (profile fitting) of pure TGS and MA-TGS crystals.

H, N and S elements for pure TGS and MA-TGS crystals are
given in Table 2. The oxygen content was determined by con-
sidering 100% composition of the crystal. The experimental
values of pure TGS crystal were found to be in good agreement
with the theoretical computed results that confirms the forma-
tion of TGS crystal with the desired stoichiometric ratio. The
carbon percentage of MA-TGS crystal was found to be higher
than that of pure TGS crystal that confirms the occurrence of
MA into the TGS crystal.

3.3. Thermal analysis

Thermal analysis of pure TGS and MA-TGS crystals was
carried out by performing thermogravimetric and differential
thermal analysis (TG-DTA) in the temperature range between
30 and 600 °C at a heating rate of 10 °C/min in a nitrogen
atmosphere. The TG-DTA curves of pure TGS and MA-TGS
crystals are illustrated in Fig. 6(a) and (b), respectively. The
TGA curves show no significant weight loss up to 185 °C signi-
fying the promising and stable nature of both the crystals at
high temperatures. It can be seen that both crystals undergo
rapid loss of weight (~65% for pure TGS and ~70% for
MA-TGS) within the temperature range of 185-260 °C. This

may be attributed to the decomposition of glycine into CO,
and NHj. A further rise in temperature beyond 260 °C reveals
the gradual weight loss of the samples. In the DTA curves,
sharp endothermic peaks at 244 °C and 233 °C were observed
for pure TGS and MA-TGS crystal, respectively. These
endothermic peaks are due to decomposition of the samples
and may be assigned to their melting points. Das and Podder
(2012) also observed endothermic peak for pure TGS crystal
at a similar temperature. The doping of MA resulted in a
decrease in the melting point by ~11 °C for MA-TGS crystal.
This is because the melting point of MA is very low (135 °C).
This confirms the presence of MA in TGS crystal lattice. The
sharp endothermic peaks in pure and doped crystals establish
their good crystalline quality.

3.4. Dielectric study

The variation dielectric constant along (0 1 0) plane with fre-
quency in the range 20 Hz—2 MHz was depicted in Fig. 7(a).
For the whole range of frequency, the value of dielectric con-
stant was found to be greater for MA-TGS crystal than pure
TGS. The dielectric constant for both the crystals decreased
with increase in frequency and attained saturation at higher
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Table 1 Lattice parameters of pure TGS and MA-TGS single
crystals obtained from single crystal XRD and Rietveld
refinement.

Parameters Pure TGS MA-TGS
Single crystal  a (A) 5.7663 5.6846
XRD b (A) 12.7311 12.6048
c(A) 9.2217 9.1580
a (%) 90.0000 90.0000
B () 105.5023 105.3209
y (%) 90.0000 90.0000
Space group P2, P2,
Crystal Monoclinic Monoclinic
structure
Rietveld a (A) 5.7435 5.7296
refinement b (A) 12.6523 12.6367
c (A) 9.1557 9.1724
a (%) 90.0000 90.0000
B (") 105.7261 105.7211
y (°) 90.0000 90.0000
Space group P2, P2,
Crystal Monoclinic Monoclinic
structure
Ryp, Rpand  0.172, 0.134 0.151, 0.115
GOF and 2.13 and 1.95

frequencies. This is because, at low frequencies, all four types
of polarizations namely space charge, orientation, ionic and
electronic are active but at the higher frequencies, the contribu-
tions of these polarizations gradually diminish. The variation
of dielectric constant with temperature was also studied at

Table 2 CHNS analysis of the pure TGS and MA-TGS crystals.

1 kHz for both the crystals and is shown in Fig. 7(b). Room
temperature dielectric constant values were found to be 143
and 103 for pure TGS and MA-TGS, respectively at 1 kHz.
For both the crystals, the dielectric constant was observed to
increase smoothly with the rise in temperature and attained a
maximum value at transition temperature (Curie temperature,
T.) and decreased thereafter. The value of T, for pure TGS
and MA-TGS crystals was found to be 49 and 51 °C, respec-
tively and their respective €., values were 863 and 593. The
reduction in g€4,,, and increase in T, may be due to the incor-
poration of larger doped molecules (Maleic acid) into the
TGS lattice which may prevent displacements of glycine group.
Further, lowering in €,c, may also be attributed to the domain
clamping effects (Rai et al. (2010a, 2010b); Sinha et al., 2012).
Arunmozhi et al. (2003) and Saxena et al. (2001) also observed
lowering of the value of €,c, With other dopants. Similar val-
ues of T, were also obtained by other researchers (Alexandru
et al., 2006; Rai et al., 2010a, 2010b). The increase in T, by
2 °C for MA-TGS crystal is quite significant as most of the
researchers have reported enhancement in T, for doped TGS
crystals of the same order. Rai et al. (2010a, 2010b) observed
an increase in T, by 1.4°C for iminodiacetic acid doped
TGS crystal and Saxena et al. (2001) obtained a maximum
shift of 2.5K in T, for crystals grown with 50 mol% of
H;PO,4. A graph between dielectric loss (tan 8) and frequency
is shown in the inset of Fig. 7(a). Dielectric loss was found to
be high at low frequencies and decreased with increase in fre-
quency. The high value of dielectric loss at low frequencies is
attributed to the presence of space charge polarization due
to charged lattice defects. At higher frequencies, the value of
loss was found to be very small (<0.1) for both the crystals.

Elements Pure TGS MA-TGS
Theoretical content (%) Experimental content (%) Theoretical content (%) Experimental content (%)
Carbon 22.29 22.35 22.36 22.80
Hydrogen 5.30 5.14 5.29 5.16
Nitrogen 13.00 12.74 12.95 12.27
Sulfur 9.92 10.24 9.88 10.19
Oxygen 49.49 49.53 49.51 49.58
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Fig. 6 TG-DTA curves for (a) pure TGS and (b) MA-TGS crystal.
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Fig. 7 Variation of dielectric constant with (a) frequency, and (b) temperature. (Inset: Variation of dielectric loss with frequency).

As a result of MA doping, dielectric loss decreased. At 2 MHz,
the values of dielectric loss were 0.09 and 0.01 for pure TGS
and MA-TGS, respectively. This may be due to the vacancies
those were present in the pure TGS crystal are now filled with
the MA dopants which lead to improvement in the crystalline
perfection with lesser defects. The decrease in dielectric con-
stant and loss leads to an increased figure of merit of MA-
TGS crystal (Alexandru et al., 2006; Sinha et al., 2012).

3.5. Piezoelectric study

Piezoelectricity refers to the generation of an electric voltage
across the surface of the crystal on the application of mechan-
ical stress. Piezoelectricity has the relationship with the polar-
ity of the material (Deepthi and Shanthi, 2016). A piezoelectric
material gets polarized on the application of a mechanical
force. Piezoelectric property of the materials is studied by mea-
suring piezoelectric charge coefficient, d,, which may be
defined as the amount of charge appearing at the opposite
faces of the material when a unit force is applied across it
(Abid Hussain et al., 2016). For d,, measurement, both crys-
tals were poled along ‘b’ crystallographic axis for an easy

0.05 T T T T T T T

| Average d,, = 56.23 pm/V (a) Pure TGS| |

Displacement (pm)
° ° o
o o o
- N w

e
=3
=3

-0.01

-0.02 | N S S S (N S [ S NN S N S
-600 -400 -200 0 200 400 600

Applied voltage (V)

Fig. 8

alignment of the domains by applying an electric field of 1.5
kV/mm for 30 min. The piezoelectric charge coefficient value
d»» was found to increase with doping.

Fig. 8 depicts the piezoelectric ‘displacement-voltage (D-V)’
butterfly loops and ‘d,,-V’ hysteresis loops for the pure TGS
and MA-TGS single crystals. According to the law of converse
piezoelectric effect, each point on the D-V curve is related to
the piezoelectric deformation under a corresponding applied
voltage and one can plot piezoelectric coefficient vs. applied
voltage (d»-V) curves using Eq. (1) (Abid Hussain et al.,
2017):

dy=(D-D))/(V-V)) (1)

where D; is the piezoelectric displacement due to the applied
voltage V; at the intersection point. From these d,,-V loops,
the average values of the dy, coefficient for pure TGS and
MA-TGS single crystals were estimated and were found to
be 56.23 pm/V for pure TGS single crystal and 72.02 pm/V
for MA-TGS single crystal. Thus, the presence of MA in
TGS led to an enhancement in piezoelectric charge coefficient
by ~16 pm/V which is a huge increment in comparison to
many previous reported values. Rai et al. (2011) reported an

0.07 T T T T T T T

150
Average d,, = 72,02 pm/V (b) MA-TGS
0.06 22 [ 120
0.05 |- 190
§ 0.04 - f60 _
£ L 30 E
ﬂé 0.03 E
[ Lo =
o I .
@ 0.02 |- k-]
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o 001 | 60
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1 1 1 1 | 1 1 _150
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Displacement-Voltage (D-V) butterfly curve and the corresponding da,-V loop for (a) Pure TGS crystal, and (b) MA-TGS crystal.
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increase in piezoelectric charge coefficient (d»,) by 12 pC/N
from 41 pC/N for pure TGS to 53 pC/N for n-bromo succin-
imide doped TGS crystal. Also, the obtained value of d,, for
MA-TGS crystal is much higher than previously reported val-
ues of TGS with other dopants. Deepthi and Shanthi (2016)
reported a reduction in piezoelectric charge coefficient (djy)
by doping L-arginine (5 pC/N), L-histidine (2 pC/N) and L-
alanine (2 pC/N) amino acids in pure TGS (10.22 pC/N) crys-
tal. Barosova and Panos (2004) studied temperature depen-
dency of the d,, coefficient for L-alanine doped TGS crystals
and found d,, ~ 15 pC/N at room temperature. Rajesh et al.
(2017) observed an increment in piezoelectric coefficient (d,,)
as a result of rochelle salt doping but obtained a very small
value of d,, for both pure TGS (1 pC/N) and rochelle salt-
doped TGS (3 pC/N).

The unit cell of TGS is constructed from the coupling of
hydrogen bonds between three glycine molecules which plays
an important role in the piezoelectric and ferroelectric behav-
ior of the TGS crystal along the crystallographic b axis. Appli-
cation of the external electric field on TGS crystal causes
elongation in hydrogen bonds which is responsible for the
piezoelectric behavior of the TGS. As already explained above,
doping of MA in TGS may lead to the formation of H-O-H
hydrogen bonds between the glycine and MA molecules which
may result in more number of hydrogen bonds in MA-TGS
crystal as compared to pure TGS. Thus, there may be more
effective elongation in H-bonds and thus, more deformation
in MA-TGS crystal when an external electric field is applied
along b-axis. Therefore, the value of the piezoelectric coeffi-
cient, dy; of MA-TGS crystal is higher than that of the pure
TGS crystal. This suggests that MA-TGS crystals may be use-
ful for piezoelectric device applications.

3.6. Ferroelectric study

Ferroelectricity is the most important and useful property of a
material and it is of great technological interest because of
switching of electric polarization between different states on
the application of an external electric field (Horiuchi and
Tokura, 2008). The property that ferroelectric materials retain
polarization, called remanent polarization (P,), even after the
removal of the electric field is used for information storage
purposes in ferroelectric memory devices (Naber et al., 2010;
Bhandari et al., 2014). These devices store information in the
form of logic 0 and 1 where Boolean 0 is associated with polar-
ization states —P, and Boolean 1 with +P,. Apart from this,
ferroelectric materials may also find applications in switchable
NLO devices, electric-optical devices and light modulators (Li
et al., 2004). In order to study the effect of MA doping on fer-
roelectric properties of TGS crystal, polarization vs. electric
field (P-E) hysteresis loops were plotted at room temperature.
Fig. 9 depicts the ferroelectric P-E hysteresis loops for both
pure TGS and MA-TGS single crystals along (0 1 0) plane at
room temperature. Well-shaped and saturated hysteresis loops
were observed. The values of ferroelectric parameters i.e. spon-
taneous polarization (Ps), remanent polarization (P.) and coer-
cive electric field (E.) for both the crystals are given as; for pure
TGS: P, = 1.10 uC/em?, P, =1.01 uC/em?, E. = 1.61 kV/cm,
and for MA-TGS: P, =1.34 uC/em? P, =1.27 pC/em?, E,
=1.24 kV/cm. These values were found to be in good agree-
ment with the earlier reported results for pure TGS. The value
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Fig. 9 P-E hysteresis loops for both pure TGS and MA-TGS
crystals.

of P, equal to 1.19 pC/ecm? was obtained by Pandian et al.
(2012) in the SR grown TGS crystal. Rai et al. (2011) reported
the values of maximum polarization (Py) for pure TGS and 1,
5, 10 and 20 mol% n-bromo succinimide doped TGS crystals
to be 2.7, 2.11, 2.29, 2.0 and 2.27 uC/cmz, respectively. They
observed decrement in Py by ~26% for 10 mol% n-bromo suc-
cinimide doped TGS crystal and ~15% for 5 mol% n-bromo
succinimide doped TGS crystal. In our case, we observed an
increase in Py by ~22% for maleic acid doped TGS crystal
which showed the influence of maleic acid on the ferroelectric
property of TGS crystal. The presence of maleic acid increased
the spontaneous and the remanent polarization but decreased
the coercive field. The molecules in MA are polar and held by
H-bonds. Doping of MA in TGS crystal may lead to the
increase in molecular dipole moments per unit volume. The
application of the electric field along b-direction favors more
molecular dipole moments to align in the same direction which
adds more components of electric polarization along ‘b’ direc-
tion. Thus, the polarization of MA-TGS crystal is more as
compared to the polarization value of pure TGS on the appli-
cation of the same value of external electric field on both the
crystals.

The squareness factor of the ferroelectric P-E loops can be
calculated using empirical expression given as (Kumar et al.,
2011),

qu = Pr/Ps +P1.IEC/Pr (2)

where Py g is the polarization at an electric field 1.1 times the
coercive field. For an ideal P-E hysteresis loop, the value of Ry
should be 2. For the present case, Ryq was found to be 1.99 for
pure TGS and 1.98 for MA-TGS. This indicates usage in
‘switching’ applications of both crystals in ferroelectric switch-
ing devices.

Further, the frequency dependent P-E hysteresis loops for
both pure TGS and MA-TGS crystal were measured at various
frequencies of applied field as shown in Fig. 10. It was
observed in both the crystals that the spontaneous polarization
decreased while the coercive field increased with frequency.
Physically, as frequency increases, some of the domains are
unable to reverse their orientation in the direction of the
applied electric field, so degradation in polarization was
observed. Switching of the ferroelectric domains occurs
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Fig. 10  P-E hysteresis loops at various frequencies of applied field for (a) pure TGS crystal and (b) MA-TGS crystal.

through the domain walls motion. Domain walls face difficul-
ties like resistance or viscosity during movement. As frequency
increases, this resistance in ferroelectric materials becomes
more pronounced due to increase in the speed of the domain
wall movement. Thus, high energy is required to overcome
the resistance in order to orient the domains and consequently,
the coercive field increases as the frequency of applied field
increases.

The value of true-remanent (switchable) polarization is
important in memory devices as it is the actual “usable polar-
ization” which switches with the applied field. However, the
value P, which is reported commonly is not the true (switch-
able) remanent polarization value as it contains a contribution
from polarization components which are not switchable (non-
remanent) (Chowdhury et al., 2016). Therefore, the value
reported, more often than not, is higher than the actual usable
polarization value. In order to find the usable (remanent) com-
ponent, it is necessary to eliminate the non usable (non-
remanent) component, which was done using the ‘Remanent
hysteresis’ task. This task utilizes the fact that the non-
remanent component of polarization randomizes when the
applied field is removed. Hence, in this task two logics (both
containing two hysteresis) namely Logic 1 and Logic 0 were
performed using a bipolar triangular pulse (TP). Logic 1 con-
tains contributions from remanent and non-remanent polar-
ization while Logic 0 contains only non-remanent
polarization component. Subtracting Logic 0 from Logic 1
we get ‘remanent’ polarization only. The value of true-
remanent (usable) polarization for MA-TGS crystal was found
to be 1.05 pC/em? (Fig. 11) which is close to the remanent
polarization value (1.27 pnC/cm?) obtained from hysteresis task
(Fig. 9). This shows the high ferroelectric quality of MA-TGS
crystal since the contributions from non-remanent components
is very small. Thus, MA-TGS crystal is a useful material for
memory storage devices where the usable component of polar-
ization (£P,) serves as the switchable memory component
(Boolean 0 and 1).

3.7. Theoretical calculations for spontaneous polarization ( Py)

TGS crystal displays its ferroelectric characteristics along ‘b’
crystallographic axis (Lal and Batra, 1993). Spontaneous
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Fig. 11  True-remanent polarization determination using rema-

nent hysteresis task for MA-TGS crystal.

polarization (Pg) for TGS crystal along the ferroelectric

b-axis can be evaluated using the formula: Py = % where,
Q; is the charge and y; is the co-ordinate along ’h’ axis of iy, ion
in the unit cell of TGS crystal and V represents the volume of
the unit cell. The unit cell of TGS consists of two sulphate
anions (SO37), four glycinium cations (NH>*CH,COOH)
and two neutral glycine molecules (NH5 CH,COO™) (see
Fig. 12). The —2e charge is delocalized on sulphate anion,
while +e charge is localized on nitrogen atom of glycinium
cation. Thus, the co-ordinates of the center of mass of sulpahte
anion and co-ordinates of nitrogen atoms were used for the
calculations of P,. Table 3 summarizes the details of y coordi-
nates of several N atoms and center of mass of sulphate
anions. The volume of TGS unit cell is equal to 632.88 A,
The value of P; is calculated to be equal to 2.43 pC/cm?, which
is consistent with that of experimentally observed value
(1.10 pC/em? for pure TGS and 1.34 uCjecm?® for MA-TGS).

3.8. Nanoindentation study

From the indexed morphology of as grown TGS single crystals
(Fig. 2), it can clearly be concluded that (1 00) plane is of
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Fig. 12 Unit cell diagram of TGS crystal. Color code: Yellow:
Sulphur, Black: Carbon, Red: Oxygen, Blue: Nitrogen. Hydrogen
atoms are removed for the reason of clarity.

Table 3 y coordinates and charges for various ions in TGS
unit cell.

Tons y-coordinate (A) Charge (e)
S03~ (D) 9.46 —2¢

SO3~ (II) 3.16 —2e
NH?**CH,COOH (I) 7.24 e

NH?** CH,COOH (II) 9.92 e

NH?* CH,COOH (I11) 5.42 e

NH?" CH,COOH (IV) 3.62 e

largest morphological importance. Thus, it becomes necessary
to investigate the mechanical strength of TGS crystal along (1
00) plane for deciding its suitability in electro-mechanical
devices. Hence, the mechanical behavior of both the pure
and doped TGS crystals was analyzed using nanoindentation
technique.

Nanoindentation measurements have become an important
tool to explore and understand the mechanical behavior at
small scale by correlating molecular level property like crystal
packing, bond strengths and lattice defects with mechanical
strength (Thukral et al., 2019, 2014). Moreover, lattice defects
play an important role in the plastic deformation of the mate-
rials. Especially, impurity inclusion in any compound induces
enough stress to initiate a domain reorientation and changes
the mechanical performance of the materials (Kitaigorodskii,
1973). The force and displacement are recorded in the nanoin-
dentation measurement where the indenter tip is pressed into
the sample surface with a predefined loading and unloading
profile. A general description of all the calculations related
to nanoindentation measurements is explained below.

A loading and unloading curve can be plotted using the
relation:

P=a(h—hp)" (3)
where P is the load applied to the crystal, ‘a’ and ‘m’ are empir-
ical constants, ‘h’ is the displacement and ‘h; is the final dis-

placement after completion of the cycle of loading and
unloading. Also, the value of stiffness (S) of the sample can

be determined from the slope of the unloading curve using
the relation:

S = dP/dh = am(h — hy)""' (4)

Furthermore, the contact depth (h.) of the crystal can be
evaluated from the value of stiffness using the relation:

hc - hmax - (Spmax/s) (5)

where ¢ is an indenter constant and is equal to 0.75 for the Ber-
kovich tip, and P, is the maximum indenter load applied to
the crystal corresponding to the maximum displacement, hy,,x
of the indenter. The hardness of the crystal can be evaluated
using the equation:

H = P /A (6)

where A is the projected contact area of indentation. The load
independent hardness can be calculated using the empirical
relation:

Ho = ka2 (7)

where k is a constant with a value of 1/24.5 which depends on
the indenter while a, is a parameter. The value of a, can be
determined from the fitting of a graph of peak load vs. contact
depth. The Young’s modulus of a material can be estimated
from the unloading curve using the relation:

E=(1/2)(V//A)s (8)

Optical images of the pure TGS and MA-TGS single crys-
tals after the indentations are shown in Fig. 13, which depicts
the formation of cracks in the single crystal. Here, AFM
images for pure TGS and MA-TGS single crystals are also
shown at the loads 20 mN and 50 mN, respectively.

Fig. 14(a) and (b) presents the plots between applied load
versus displacement (P-h curves) obtained on the (1 0 0) facets
of pure TGS and MA-TGS single crystals with different peak
loads ranging 5-125 mN using a Berkovich tip. In both cases,
large residual depths were observed upon unloading indicating
the plastic deformation during indentation. In addition,
smooth loading can be seen in both the cases with no traces
of any ‘pop-in’ features (i.e. discrete displacement bursts) in
loading curves for both the crystals were observed which
implied that a smooth elastic—plastic transition occurred at
the nano contact. However, some ‘pop-out’ features can be
seen in unloading portion of P-h curve at higher loads. This
is because a higher indentation load gives rise to a sudden
deformation underneath the indenter, which raises the random
nucleation of high stress phases during unloading and thus
promotes pop-out (Ramamurty and Jang, 2014). The differ-
ence in hardness of the crystals is evident from the difference
in the depth attained a maximum load. The P-h curves for a
load of 125 mN are plotted together for both the crystals on
the same axes (Fig. 14(c)) so that hardness of the crystals
can be compared. It can be observed from Fig. 14(c) that for
MA-TGS crystal, the maximum load of 125 mN produced a
smaller displacement of the indenter tip (~2715 nm) than for
the pure TGS crystal (~2888 nm). This suggests that MA-
TGS crystal is significantly harder than pure TGS. The hard-
ness of a crystalline material depends on the degree of lattice
order, and it is highly affected by intermolecular forces and
defects (Caceres et al., 2002; Yadav et al., 2015). Hardness
was found to increase on doping because MA molecules may
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Fig. 13 Optical images of indents made on (1 0 0) plane of (a) pure TGS and (b) MA-TGS crystals at various applied loads. Also, the
AFM images of 20 mN and 50 mN indents are shown for pure TGS and MA-TGS, respectively.

have entered the TGS lattice filling the void space and hence
hindering the movement of dislocation. Moreover, the pres-
ence of the intra molecular hydrogen bonding in MA may help
to make the packing more compact by hydrogen bonds forma-
tion in the crystal.

Further, the P-h curves were analyzed using Eq. (3)-(7) to
calculate various parameters which are tabulated in Table 4.
The value of hardness was found to decrease with increase in
load for both the crystals, indicating a load dependent hard-
ness parameter. This is referred to as the indentation size effect
(ISE) (Goel et al., 2020). The variation of the contact depth
with peak load is shown in Fig. 15. The contact depth was seen
to increment with the peak load. This is because of the depen-
dence of the hardness on the load. This suggests that the hard-
ness of the material can be influenced by indentation size
(Sonia et al., 2017). The peak load and contact depth of the
material are related through the polynomial function as
follows:

Prax = a0 +a1he + azhg 9)

The above polynomial curve was fitted to find the coefficients
a., a; and a,. The values of a, were found to be 1.845 x 10~°
mN nm 2 for pure TGS and 2.047 x 10~> mN nm 2 for MA-
TGS. To calculate the load independent hardness (H,), Eq. (6)
was used and its values were calculated to be 753.2 MPa for
pure TGS and 835.5 MPa for MA-TGS. From the above
results, we can say that the grown single crystals of both pure
TGS and MA-TGS have higher mechanical strength compared

to some reported piezoelectric single crystals, such as sul-
phamic acid and SrTiOz (Bdikin et al., 2014; Jat et al.,
2003). Thus, both crystals offer high resistance towards
deformation.

The Young’s modulus values were extracted from the P-h
curves and the graphs between Young’s modulus and the peak
load for both the crystals were plotted (shown in Fig. 16).
Young’s modulus was found to decrease with increase in load.
This is because the increased load offered by the Berkovich tip
causes an increase in strain in the crystals. It should be noted
that the tip imperfection of the indenter does not influence the
hardness results (Sakharova et al., 2009). Recently, Antunes
et al. (2007) reported that a correction of the geometry of
the Vickers indenters with offset is enough to obtain accurate
values of the mechanical properties, viz. the hardness and
Young’s modulus. However, to understand the degree of
indenter tip rounding, the graph between initial loading stiff-
ness, S and the contact depth at peak load, h. for both the crys-
tal was plotted and a linear relationship between S and h, was
observed (Fig. 17). The relation between the initial unloading
stiffness S and the contact depth at various peak loads, h. is
given by the equation:

S =a+ bh, (10)

where ‘a” and ‘b’ are constants. ‘a’ is related to the indentation
tip rounding and ‘b’ is related to the reduced Young’s modu-
lus. The values of reduced Young’s modulus (E;) for both
the crystals were estimated from the slope of the linear fitted
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pure and MA-TGS single crystals at peak load of 125 mN.

Table 4 Various parameters related to the mechanical properties of the pure TGS and MA-TGS single crystals obtained from

nanoindentation analysis.

Sample name Prax Hit Eir Hy S himax he h, h¢ m
(mN) (MPa) (GPa) (Vickers) (mN/nm) (nm) (nm) (nm) (nm)

Pure TGS 5.05 3245.3 25.899 300.55 0.0404 154.88 255.08 348.88 22391 1.49
10.03 2894.0 25.244 268.02 0.0588 326.53 467.00 594.52 424.01 1.53
20.05 2505.9 23.327 232.08 0.0827 550.34 762.03 942.60 700.31 1.57
30.05 1782.6 19.335 165.09 0.0999 842.59 1102.42 1326.23 1025.54 1.58
50.06 1637.9 17.247 151.69 0.1203 1154.10 1451.74 1765.70 1349.44 1.45
75.07 1536.9 16.686 142.33 0.1472 1449.21 1793.66 2179.46 1669.34 1.43
100.06 1274.5 15.109 118.03 0.1692 1736.59 2217.92 2659.63 2068.25 1.54
125.06 1360.9 15.196 126.03 0.1841 1849.09 2379.52 2888.39 2209.04 1.51

MA-TGS 5.04 2879.4 28.771 266.66 0.0475 361.27 281.12 255.13 203.72 1.44
10.04 2585.5 27.930 239.45 0.0687 611.11 502.83 465.00 366.90 1.64
20.04 2274.2 25.369 210.61 0.0943 959.07 801.28 746.49 609.34 1.61
30.04 1935.5 23.280 179.24 0.1150 1253.96 1060.12 992.79 825.45 1.62
50.06 1761.9 22.406 163.17 0.1499 1650.71 1404.34 1316.76 1076.90 1.71
75.08 1533.0 20.747 141.97 0.1825 2101.03 1795.75 1689.70 1432.45 1.62
100.05 1412.9 20.238 130.85 0.2142 2463.48 2117.93 1996.39 1689.58 1.66
125.06 1436.5 20.274 133.04 0.2379 2715.40 2322.69 2189.73 1901.57 1.54

Poax: peak load, Hyr: indentation hardness, Eyy: indentation modulus, Hy: Vickers hardness, S: stiffness, h;,,c: maximum indentation depth, h,:
contact depth of indenter, h,: tangent depth, hg: permanent indentation depth after removal of the force, m: empirical parameter.
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Fig. 15 The plots between Peak load and Contact depth for both
Pure TGS and MA-TGS single crystal.

curve S vs. h,. The slope was found to be 6.522 x 107> mN
nm 2 for pure TGS and 9.181 x 107> mN nm 2 for MA-
TGS. The reduced Young’s modulus was obtained to be
65.22 GPa and 91.81 GPa for pure TGS and MA-TGS single
crystal, respectively. The intercept ‘a’ was found to be 0.0278
for pure TGS and 0.0207 for MA-doped TGS. The best linear
fit curve should have a value of the intercept ‘a’ close to 0,
however, due to indenter tip rounding, significantly greater
values were obtained.

4. Conclusions

Good quality transparent single crystals of pure TGS and MA-
TGS were successfully grown by slow evaporation method at
room temperature. The lattice parameters were determined
by single crystal XRD and powder XRD analysis. Both crys-
tals were observed to have monoclinic symmetry with the space
group P2;. The changes observed in the unit cell parameters
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Fig. 17 The graph Stiffness vs. Contact depth for both Pure
TGS and MA-TGS single crystal.

due to MA doping confirmed the incorporation of MA in
TGS lattice. CHNS analysis confirmed the desired elemental
composition of the crystals. DTA curve showed a lower
decomposition temperature for MA-TGS crystal than that of
pure TGS crystal confirming the presence of MA in TGS lat-
tice. MA doping resulted in an increase in Curie temperature
from 49 to 51 °C, and decrease in the value of dielectric con-
stant and loss making MA-TGS crystal useful for optoelec-
tronic applications. Also, an enhancement in the value of
piezoelectric charge coefficient (d,,) from 56.23 to 72.02 pm/
V was observed for MA-TGS crystal making it a potential can-
didate for piezoelectric applications. Excellent saturated P-E
hysteresis loops were obtained for both the crystals with higher
values of spontaneous and remanent polarizations for MA-
TGS crystals. Squareness factor, Ryq was determined to be
1.99 for pure TGS and 1.98 for MA-TGS that indicates appli-
cations of both crystals in switching devices. Moreover, the
value of true remanent polarization for MA-TGS crystal was
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Table 5 Summary of various results obtained for pure TGS and MA-TGS crystals.
Crystals Emax T. dy; (pm/V) P, (uC/cm’) E. (kV/cm) H, (Mpa) E,
(at 1 kHz) (°C) (GPa)
Pure TGS 863 49 56.23 1.01 1.61 753.2 65.22
MA-TGS 593 51 72.02 1.27 1.24 835.5 91.81

found to be 1.05 pC/cm?, which makes MA-TGS crystal a
futuristic memory component material for switching devices.
The investigation of mechanical behavior of as-grown pure
TGS and MA-TGS crystals was carried out thoroughly using
nanoindentation technique. The study revealed that both the
crystals have good capability to withstand deformation caused
by applying various loads. The various mechanical parameters
like hardness, stiffness and Young’s modulus were determined.
Both hardness and Young’s modulus were observed to be
greater for MA-TGS crystal than pure TGS crystal. In sum-
mary, enhanced piezoelectric, ferroelectric and mechanical
properties of MA-TGS single crystal suggests its use as an effi-
cient and cheap alternative to pure TGS based electro-
mechanical devices. Table 5 compares the various results
obtained for pure TGS and MA-TGS crystals.
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