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Abstract

Optically transparent, urea (5 wt%)-doped triglycine sulphate (Ur-TGS) single crystals were grown along polar axis [010] by
Sankaranarayanan—Ramasamy unidirectional solution growth method, below and above its Curie temperature 7,=49.3 °C.
Higher growth rate of 5 mm/day was obtained for Ur-TGS crystal grown above T.. The phase of the grown crystals was
confirmed by powder XRD. P-E hysteresis studies show well-saturated hysteresis loop for crystal grown below T, and the
remnant polarization was 0.60 uC/cm?” with a coercive field of 1.5 kV/cm. The piezoelectric d,; coefficient for Ur-TGS crystal
grown below and above T, was 25 pC/N and 35 pC/N, indicating improved piezoelectric properties of the latter. Dielectric
permittivity for Ur-TGS crystal grown above T, was approximately 10 times higher as compared to the crystal grown below
T,. Improved Vickers microhardness and lower Meyer’s index (n) were observed for Ur-TGS crystal grown above 7. The
etch pit density (EPD) of Ur-TGS crystal grown below and above T, was 1.8 and 1.1 X 107 dislocations/cm?, respectively,
indicating that the quality of the crystals grown above T, was better than the crystal grown below 7. The optical transmit-
tance of Ur-TGS crystal grown above T, was slightly (~ 5%) more than that of crystal grown below 7. Overall, it is concluded
that the higher growth rate and improved physical properties of Ur-TGS crystal grown above its Curie temperature show its
suitability for the ferroelectric device applications.

Keywords Crystal growth - Triglycine sulphate (TGS) - Unidirectional solution growth - Sankaranarayanan—Ramasamy
method - Curie temperature - Ferroelectric - Hysteresis

1 Introduction

Triglycine sulphate (TGS) is one of the most well-studied
ferroelectric materials, especially because of its excel-
lent ferroelectric, piezoelectric, pyroelectric and dielec-
tric properties. It undergoes a second-order (order—disor-
der type) continuous phase transition at 49.3 °C. Below
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this temperature, the crystal exhibits ferroelectric phase,
whereas above it the crystal gets transformed to the par-
aelectric phase. It belongs to monoclinic crystal system
in both the phases but has a non-centrosymmetric space
group P2, in the ferroelectric phase and centrosymmetric
space group P2,/m in the paraelectric phase [1]. Due to its
self-poling nature, it does not require any specific poling
when it is cooled from the high-temperature phase to the
low-temperature phase. Several different dopants have been
tried in the past to improve the growth rate [2-4]. The effect
of doping urea into TGS crystal has been studied by slow
evaporation solution growth technique [5]. It was found that
doping with urea increases the normalized growth yield sig-
nificantly compared to pure TGS crystals, and an improve-
ment in the ferroelectric, piezoelectric and dielectric val-
ues was also observed after doping. An important device
made using TGS crystals is a pyroelectric sensor-based laser
energy meter for detecting infrared (IR) radiations. How-
ever, a serious limitation of conventionally grown natural

@ Springer


http://orcid.org/0000-0002-7640-7574
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-020-03639-7&domain=pdf

492 Page 2 of 10

M. Senthil Pandian et al.

morphology urea-doped TGS crystal and those grown pref-
erentially along specific crystallographic directions is that
the crystal has very small (010) face making it difficult to
obtain large size device element. This results in very small
percentage of the crystal usable for actual device applica-
tions. Very few reports in the literature have addressed this
problem of increasing the (010) face area relative to other
faces appearing in the TGS crystal morphology [6, 7]. In
order to get TGS device element of desired size, length and
orientation, we report in this paper unidirectional growth of
[010]-oriented urea-doped TGS crystals below and above
its Curie temperature. A comparative analysis of various
physical properties such as ferroelectric P—E hysteresis
loop, piezoelectric ds; coefficient, dielectric permittivity,
mechanical stability and optical quality of [010]-oriented
crystal elements obtained from these two crystals has also
been performed.

2 Synthesis and conventional growth
of pure and urea-doped TGS

TGS was synthesized using GR-grade (Merck, India) chemi-
cals of glycine (NH,CH,COOH) and sulphuric acid (H,SO,)
in the molar ratio 3:1 as follows:

3(NH,CH,COOH) + H,SO,
Glycine Sulfuric acid

— 2 (NH{CH,COOH) - (NH}CH,COO0")-SO;~

Triglycine Sulphate

The amount of dopant was 5 wt% urea, which was added
to the mixture of glycine and sulphuric acid. After the reac-
tion was complete, the TGS chemical was recrystallized
twice before preparing the saturated solution. The solution
was filtered using 0.2 um membrane filter to eliminate the
extraneous solid colloidal particles that can act as the source
of spontaneous nucleation. The solubility of pure TGS is
36 g/100 ml at the temperature of 30 °C. But in the case of
urea-doped TGS, the solubility in the below and above T,
region is 45 g/100 ml at 30 °C and 85 g/100 ml at 54 °C,
respectively. The prepared solution was kept in a crystal-
lizer covered with a perforated thick polyethylene sheet. The
evaporation of the solvent at room temperature yielded TGS
crystal in the time span of 15 days. A transparent and good
optical quality crystal was obtained in this conventional
growth method. The top- and side-view morphology of the
grown TGS crystal is shown in Fig. 1. The morphologically
important habit faces of pure TGS crystals are (001), (100),
(010), (110), (-111) and (-1-11) [1]. Thermodynamic growth
habit as shown in Fig. 1 is a reflection of crystallographic
origin related to anisotropic chemical bonding along various
planes, as clarified by the chemical bonding theory of single
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Fig.1 Top and side view of the TGS morphology

crystal growth [8—10]. For this series of crystals, hydrogen
bonds play a key role during nucleation and growth stages;
urea thus can influence both morphologies and growth rates
through multi-scale variations of the chemical bonding at
individual faces [11, 12]. The morphology of urea-doped
TGS crystals is different from pure TGS because the (010)
face has minimum area as compared to other habit faces.
The chemical bonding theory of single crystal growth [8—10]
indicates that the fast growth along [010] is key to control
crystal quality compared to other orientations.

3 [010] oriented urea-doped TGS crystal
growth below and above T,

A special growth apparatus was designed and fabricated for
unidirectional growth of urea-doped TGS crystals. It con-
sisted of helical shaped glass heaters filled with silicone oil
and nichrome coil, which were placed inside beaker to func-
tion as water bath. A crystallizer in the shape of a conical
glass ampoule of diameter 25 mm and length 150 mm was
placed in the middle of helical heaters in the water bath.
Using this design, two separate thermal zones were created
vertically, one at top and another at bottom. The temperature
of the two zones was controlled independently using two sets
of PID temperature controller (Eurotherm 902P) and thyris-
tor. The unidirectional growth apparatus for growth below
and above T is shown in Fig. 2. A 3 mm long TGS seed
crystal shaped as a cone along [010] axis was fixed using
silicone sealant at the conical bottom of the glass ampoule.

The Curie temperature of TGS crystal is 49.3 °C. Since
the growth was to be performed below the Curie point, the
temperature at the top portion was maintained at 36 °C with
an accuracy of +0.01 °C for the evaporation of the urea-
doped TGS solution. A constant temperature of 28 °C was
maintained at the bottom of the ampoule near the seed crys-
tal for initiating the growth. Under these conditions, a highly
transparent urea-doped TGS crystal of length 35 mm and
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Fig.2 SR crystal growth appa-
ratus and temperature control
instrumentation for below and
above T,
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diameter 25 mm was grown within a period of 12 days. After
completion of the growth run below T, the solution was
removed from the growth ampoule and crystal was cooled
to room temperature at a rate of 1 °C/hour to avoid any ther-
mal shock. The grown TGS crystal was taken out from the
glass ampoule using a diamond cutter. The [010]-oriented
urea-doped TGS crystal inside and outside the ampoule is
shown in Fig. 3a, b, and the wafer obtained from the crystal
after cutting and polishing is shown in Fig. 3c, respectively.
The growth rate of the below T, grown Ur-TGS crystal was
found to be 3 mm/day.

Fig.3 Photograph of the Ur-
TGS crystal grown below T,
oriented along [010] polar axis:
a inside and b outside the glass
ampoule and ¢ (010) plates cut
and polished from the grown
Ur-TGS crystal
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In order to perform growth above Curie temperature, a
5 mm long TGS seed crystal oriented along [010] direc-
tion was prepared from TGS crystal grown by conventional
slow evaporation method. A cone-shaped TGS crystal was
mounted at the bottom of the growth ampoule such that the
(010) face was horizontal and facing upwards. The 250 ml
of Ur-TGS saturated solution was prepared at 54 °C (above
T,) and poured in the glass ampoule. In order to achieve
fast growth rate, which was possible due to higher solu-
bility of the TGS above 50 °C, the solution was provided
slow cooling from 54 to 50 °C in a programmed manner.
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A cooling rate of 0.01 °C/h was used in the beginning,
which was increased as the crystal grew in size. A highly
transparent Ur-TGS crystal of 70 mm length along [010]
direction and 15 mm diameter was grown in 14 days.
After completion of the growth runs above T, the solution
was removed from the ampoule and crystal was cooled to
room temperature at a rate of 1 °C/h to avoid any thermal
shock. The grown TGS crystal was taken out from the glass
ampoule, and several samples were cut using diamond cut-
ter. The grown crystal inside and outside the ampoule is
shown in Fig. 4a, b, and several cut and polished ingots of
Ur-TGS crystal grown above T, are shown in Fig. 4c. The
average growth rate achieved was 5 mm/day.

The average growth rate reported in the literature for a
pure TGS crystal grown below T, is 1 mm/day [7]. Com-
paring the growth rate data of Ur-TGS with that of pure
TGS, it is found that the normalized growth rate along [010]
direction of urea-doped TGS crystal grown below T is three
times higher than pure TGS crystals and that grown above T
is five times higher. This has implications for growing larger
TGS crystals in the same amount of time keeping the other
growth parameters same. The results show that the specific
nature of growth in unidirectional growth method yields
high percentage of material available for device application.

4 Sample preparations for characterizations

In order to perform comparative investigations of the various
properties of the Ur-TGS crystals grown below and above T,
samples in the form of thin plates were cleaved perpendicu-
lar to the b-axis [i.e. (010) slices] of the two crystals. The

Fig.4 Photograph of the Ur-
TGS crystal grown above T,
oriented along [010] polar axis:
a inside, b outside the glass
ampoule and ¢ (010)-oriented
ingot and plates cut and pol-
ished from the grown Ur-TGS
crystal
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samples were lapped and polished using alumina powder
and ethylene glycol. It was ensured that the thickness of
the sample plates cleaved from the two crystals was identi-
cal. The reproducibility of the characterization results was
confirmed by measuring the properties multiple times and
ensuring that identical results were obtained.

4.1 Powder x-ray diffraction

To investigate the phase of the grown crystals, X-ray diffrac-
tion (XRD) was performed on powdered samples obtained
from small crystalline samples of pure and Ur-TGS crys-
tals grown below 7. The diffracted beam was recorded by
scanning the detector on a circular path from 20° to 70°
with a scan speed of 2°/min. The diffraction patterns of Ur-
TGS and pure TGS are shown in Fig. 5a, b, respectively.
The number of peaks observed in urea-doped TGS crystal
is higher than those in pure TGS, which are attributed to
incorporation of urea dopant into the TGS crystal lattice.
The prominent peaks of pure and Ur-TGS crystal are cor-
responding to (101), (220), (121), (040), (231) and (072) dif-
fraction planes. The sharpness of peaks and small full-width
at half maximum (FWHM) shows that the grown crystal has
good phase purity.

4.2 Ferroelectric P-E hysteresis loop analysis

To investigate the ferroelectric properties, Ur-TGS sample
plates oriented normal to the polar axis [010] were used to
measure polarization as a function of the applied electric
field, i.e. P—E hysteresis loop. The cut and polished Ur-TGS
wafers of 1 mm thickness were coated with gold electrodes

IR TR
‘!‘;‘4‘5' LR =
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Fig.5 Powder X-ray diffraction pattern of a Ur-TGS and b pure TGS
and grown above T,

for the purpose of electric field application. Hysteresis loops
were measured with the help of Sawyer—Tower circuit [13]
up to a maximum of 2.5 kV voltage using the Precision
Work Station of the Radiant Technology Inc. The rela-
tionship between the remnant polarization (P,), saturation

polarization (P,) and polarization at fields above coercive
field is given by [14]
P

qu=17r+

PiiE,
P

S T

where R, and P, are the squareness of hysteresis loop
and polarization at an electric field equal to 1.1 times the
coercive field, respectively. Using the above relationship,
the P—E hysteresis behaviour of the Ur-TGS crystal grown
in temperature regimes below and above the TGS Curie
temperature (7, =49.3 °C) was investigated. The recorded
ferroelectric hysteresis loops for Ur-TGS crystals grown
below and above T, are shown in Fig. 6a, b, respectively.
The room temperature (30 °C) values of remnant polariza-
tion (P,), saturation polarization (Py) and coercive field (E,)
of the two type of Ur-TGS crystal grown by unidirectional
growth method are presented in Table 1. The crystal grown
below T, was able to sustain a field up to 2.5 kV/cm, and the
value of remnant polarization is 0.60 uC/cm?. In addition, a
well-saturated hysteresis loop was obtained. In the case of
Ur-TGS crystal grown above T, the values of P, decrease
and E, increase. The remnant polarization (P,) was 0.0036
uC/cm?, and coercive field (E,) was 4.07 kV/cm for this
crystal. It was observed that above T, grown Ur-TGS crys-
tal does not show saturation in polarization, which suggests
that when the crystal is cooled from the paraelectric phase
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0.64 —=— Urea doped with TG - .
_ | Below Tc — 0.010 4 Abov:_ll‘_ea doped with TGS
“g 0.4 Applied field-25kV = £ NN
8 ] g : 8 0.005.] Applied field-2.5 kv
% 0.2 ._- E =
| . H c
g 0.0 _. : g 0.000
s | " = ©
N 0.2+ ] g T -0.0054
s L ‘_g
2 044 - } & o.0104
-0.6
1 -0.015 1
-0.8 T T T T v T T
-3 -2 -1 0 1 2 3 4 2 0 2 4
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Fig.6 P-E hysteresis loop of Ur-TGS crystal grown a below and b above T,
Table 1 P-E hysteresis values 2 2
Name of the crystal P, (uC/cm P, (uC/cm E. (kV/ecm —E, (kV/em
of [010]-oriented Ur-TGS Y ; (uClem’) s (uClom’) e (KViem) o (kViem)
crystals grown below and above  Jr-TGS below 7, 0.60 0.62 +15 -05
L. Ur-TGS above T, 0.0036 - 4.07 (unsaturated  —4.01
value) (unsatu-

rated value)
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(54 °C) to ferroelectric phase (30 °C), the dipole moments
of the domains behave differently which influence the fer-
roelectric hysteresis property.

4.3 Piezoelectric d;; coefficient

Piezoelectric coefficient (d53) is an important parameter
for sensor and transducer device applications. The d;;
coefficient was measured using a piezometer for (010)
habit face of the Ur-TGS crystals grown below and above
T.. A precision force generator was used to apply a cal-
ibrated force of 0.25 N at a frequency of 110 Hz that
generated a charge on the crystal sample under test. The
measured piezoelectric charge coefficients for Ur-TGS
crystal grown below and above T, were 25 pC/N and 35
pC/N, respectively, which are higher than the reported
value of 18 pC/N for ds; coefficient of pure TGS crys-
tal [7]. The higher d5; value of Ur-TGS crystals offers a
good potential for applications in piezoelectric sensor and
actuator devices. Further, since the piezoelectric prop-
erties are affected by defects such as dislocations [15],
which cause slowing down of the domain wall mobility
and tends to reduce the piezoelectric charge coefficient
[16], higher values obtained for the grown Ur-TGS crys-
tals suggest that the defects density was lower, and hence,
the crystal quality was better.

4.4 Dielectric permittivity measurement

The Ur-TGS crystal plate was coated with gold on both side
to form electrodes. The coating was done in argon atmos-
phere by using a sputtering unit (Emitech K 550X model,
UK). The dielectric permittivity (e,) was determined at
different temperatures in the frequency range of 100 Hz

200 —=— 100 Hz

(a) 205 A —e— 52 kHz
180 . = 105 kHz
Urea doped with TGS § —¥— 157 kHz|
> 160 -Below T 4 210kHz
2 c —4— 263 kHz|
S 315 kHz
£ 140 1 —— 368 kHz|
= —%— 421 kHz
E 120+ —8— 473 kHz|
[ —9— 526 kHz
0. 100 —+— 578 kHz
o —>%— 631 kHz|
= 80 —¥— 684 kHz|
8 736 kHz
?) 60 —+— 789 kHz|
2 842 kHz
[a] 40 894 kHz
947 kHz

20 —¥v—1MHz

T T T T T T T

35 40 45 50 55 60 65 70
Temperature (°C)

to 1 MHz using Hewlett Packard 4194A Impedance/Gain
phase analyser. The variation of dielectric permittivity of
Ur-TGS crystal grown below and above T in the above fre-
quency range at different temperatures is shown in Fig. 7a,
b, respectively. No distinct change in the ferroelectric phase
transition temperature could be observed in the two types
of samples. The Curie point was observed at~49.3 °C in
both the cases. Behaviour of ¢, as a function of temperature
shows that €, of both the Ur-TGS crystals increases with
increase in temperature up to~49.3 °C and has maximum
value at the Curie temperature. The dielectric permittivity
of Ur-TGS crystal grown below T, was found to be 205 at
49.3 °C and 100 Hz, whereas the value for the crystal grown
above T, was 1945, approximately 10 times more. For both
the crystal samples, a sharp peak was observed in the tem-
perature versus dielectric permittivity curve. The sharp peak
is a signature of homogeneous and strain-free crystals. It is
reported in the literature that €, of pure TGS crystal grown
along (010) face is 64.2 [7]. Therefore, €, value of Ur-TGS
crystals grown below and above 7 is much higher than that
of pure TGS due to the doping of urea into TGS. Similar
effects of doping were reported by Batra et al. in TGS crys-
tals doped with samarium (Sm), although the change in the
dielectric values in the present study is much larger [17]. The
higher values of dielectric permittivity at lower frequencies
may be attributed to the composition-related space charge
polarization which depends on the purity and lattice defects
of the crystal sample [18, 19].

4.5 Vickers microhardness

In general, infrared detector devices require TGS crystal in
the form of plates of thickness ~ 10 um. Therefore, in deter-
mining the fabrication and possible device applications,
the mechanical properties of the grown Ur-TGS crystals

—&— 100 Hz
2000 | @ 52kHz (b) Urea doped with TGS
105 kHz ‘
18001 _y 167 khz 1945 -Above T,
210 kHz
:'E' 1600'_ —<4— 263 kHz
2 ] 315 kHz
E] 1400 | —e368kHz
—A— 421 kHz
§ 1200'_ —8— 473 kHz
—0— 526 kHz
o 1000'_ —8— 578 kHz
N
- | —e—684kHz
® 600 736 kHz
3 1 —<4—789kHz
= —A— 842 kHz
Q 400'_ 894 kHz
947 kHz
200__ —0—1MHz
o
T T T T T T

40 45 50 55 60 65
Temperature ("C)

Fig.7 Temperature-dependent dielectric permittivity of Ur-TGS crystal grown a below and b above T,
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and their strength are of vital importance. Microhardness
measurements were taken on the (010) face using hardness
tester (Matsuzawa MMTX-7, Japan) fitted with a diamond
pyramidal indenter with a constant indentation time of 5 s.
Two-millimetre-thick (010) plate from Ur-TGS crystal and
the load ranging from 10 to 200 g was used. The hardness
number (H,) was calculated using the formula:

H,=(1.854 P)/d* (kg/mm?*)

where H, is the Vickers hardness number (kg/mmz), Pis
the applied load (g), and d is the average diagonal length
(mm) of the indentation mark. A plot of the microhardness
as a function of the applied load clearly indicates that hard-
ness of the below and above T, grown crystal increases with
increase in load up to 100 g and above that H, decreases sud-
denly. When indenter just touches the surface of the Ur-TGS
crystal, dislocations are generated in the indented region, so
H, increases initially. Above 100 g of load, the H, decreases
due to the increase in diagonal length of the indentation (d)
and mutual interactions of dislocations [20]. The microhard-
ness values of below and above T, grown Ur-TGS crystals
are 63.9 kg/mm? and 129.5 kg/mm?, respectively, at 100 g of
load (Fig. 8a). Intrinsically, the mechanical hardness of crys-
tals is anisotropically related to their various microscopic
structures such as bond strength [21-23]. This large increase
in the microhardness in above T, grown Ur-TGS crystal may
be attributed to the fact that urea could intercalate with the
formation of new H-bonds into the crystalline lattice and
enhance the mechanical stability.

Cracks were formed near indentation point when load
exceeded 100 g, which tend to propagate when the load
increased to 200 g, as evident from Fig. 9. At lower loads,
such impression appears to be free of cracks, but for loads

130 (a)

| Urea doped with TG§29 5
|—o—BelowT

110{—c— Above T

101.7

07 63.9

Crack developed

Hardness Number (kg/mm?)

Load P (g)

T — 7T v T T T T T T T T
0 25 5 75 100 125 150 175 200 225

greater than 100 g microcracks were well defined. Analysis
of the hardness measurement results reveals that decrease
in hardness was more for Ur-TGS crystal grown above T
as compared to that grown below T,. It is reported in the
literature that crystals with higher hardness develop more
cracks around the indentation mark [24, 25]. This is the
main reason for higher reduction of hardness above 100 g of
load in above T, grown crystal. The prominent microcracks
around the indentation are higher in crystal grown above 7T
as compared to that grown below 7. A close observation
of the indentation marks reveals that crack length is longer
in above T, grown crystal, which is due to the force of the
diamond indenter causing more number of cracks in crystal
grown above T.

The relationship between the applied load and the diago-
nal length ‘d’ of the indentation mark is given by Meyer’s
law P=axd ", where ‘n’ is the Meyer’s index or work

--

Above T,

Below T,

--

Fig.9 Indentation patterns obtained in above and below T, grown Ur-
TGS crystal

244 (b)

2.2
1 Work hardneing co-efficient
20 Urea doped with TGS

o 18{ —e—BelowT,
O 16
144

1.2

1.0 1

038 T 1 T ‘T T T T T T
1.2 13 14 15 1.6 17 18 19

logd

Fig.8 a Load-dependent microhardness values and b work hardening coefficient values
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hardening coefficient. This is calculated from the slope
of straight line between log P and log d. Onitsch [26] and
Hanneman [27] have reported that ‘n’ lies between 1 and
1.6 for moderately hard materials and it is more than 1.6
for soft materials. The value of work hardening coefficient
obtained for Ur-TGS crystal grown below and above T,
is 1.5 and 1.3, respectively (Fig. 8b). Thus, both the Ur-
TGS crystals belong to the category of hard materials. The
increase in microhardness of Ur-TGS crystal grown above
T, is useful in mechanical processing of these crystals for
obtaining (010)-oriented device elements for infrared detec-
tor fabrication.

4.6 Chemical etching

Chemical etching studies were carried out on the Ur-TGS
crystals grown below and above T, by unidirectional solu-
tion growth technique to study dislocation density. (010)
plates from Ur-TGS crystals were etched for different dura-
tions, ranging from 4 to 15 s, using water as etchant. The
etched surfaces were examined under an optical microscope
(OLYMPUS U-TV0.5XC-3, Japan). The gradual dissolu-
tion of the Ur-TGS surface layers helped to distinguish
between the pits corresponding to dislocations and those of
from other structural defects. Figure 10a shows elongated
oval-shaped etch pits developed on the surface after etching
for 4 s. Randomly distributed but strictly oriented pits were
observed. Figure 10b illustrates the etch pit pattern produced
on the same surface after successive etching for 8 s. Increase
in etching time does not change the morphology of the etch
pit. On successive etching from 4 to 15 s, the elongated oval-
shaped etch pits do not disappear suggesting that the etch
pits are due to dislocations. In utilizing ferroelectric single
crystals for IR applications, it is essential to grow single

Fig. 10 Etch pit patterns of Ur-TGS crystal grown for below 7, (a, b)
and above T, (b, d) for 4 s and 8 s, respectively

@ Springer

crystals containing a low dislocation density [28]. The esti-
mated etch pit density (EPD) of below T, grown Ur-TGS
crystal was 1.8 10% cm™2.

Compared to the crystal grown below T, the size of etch
pits is slightly larger and the number of pits is lesser in Ur-
TGS crystal grown above T,. Figure 10c, d represents the
identical elongated oval shaped etch pits observed on above
T, grown crystal after etching with water for 4 s and 8 s,
respectively. The calculated EPD is 1.1 x 10?> cm™2. The
difference between the EPD can be attributed to difference
in growth condition such as below (36 °C) and above T,
(54 °C) which influences the crystalline perfection. The
probable reason for lower EPD in the case of above T, grown
crystal is due to the good crystalline perfection which is
in tune with higher piezoelectric (ds3), dielectric (¢g,) and
mechanical (H,) properties.

4.7 UV-Vis NIR analysis

The optical transmission of Ur-TGS crystal grown below and
above T, was measured using spectrophotometer (JASCO
V-670) in the wavelength range 190 nm to 2200 nm. The
scan parameters were: slit width 2 nm and scan speed
200 nm/min. Figure 11 shows that the transmission is nearly
86% for the 1 mm thick (010) plate of Ur-TGS crystal grown
below T, and the transmission of 91% for above T, grown
crystal of the same orientation and thickness. The UV
transmittance of crystal grown above T, is 5% higher than
that of below T, grown crystal, which can be attributed to
absorption of UV radiation by impurities which get trapped
in crystal growing at relatively lower temperatures [29, 30].
Dislocation in crystals affects the optical properties such as

91%

Urea doped with TGS
—o—Below T,

—o— Above Tc

Transmittance (%)

229 nm
0] &
T T T T T T T T T T T T T T T T T T
250 500 750 1000 1250 1500 1750 2000 2250
Wavelength (nm)

Fig. 11 UV-Vis-NIR optical transmittance measurements of
(010)-oriented Ur-TGS crystals grown below and above TGS crystals
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Table 2 Comparison of physical properties of [010]-oriented Ur-TGS
crystal grown below and above T,

Name of the measurements Urea-doped TGS

Below T, Above T,
Growth rate 3 mm/day 5 mm/day
Piezoelectric ds; coefficient 25 pC/N 35 pC/N
Dielectric permittivity at 49 °C 205 1945
Vickers microhardness at 10 g 40 kg/mm? 68.2 kg/mm?
Vickers microhardness at 100 g 63.9 kg/mm? 129.5 kg/mm?
Crack length at 100 g 32.36 um 86.62 um
Work hardening coefficient 1.5 1.3
Etch pit density (EPD) 1.8x10°cm™  1.1x10%cm™2
Optical transmittance 86% 91%

light absorption, scattering, refractive index [31], and for
device applications crystals free from scattering and absorp-
tion are required. It can be inferred that higher dislocation
density leads to generation of scattering centres in the Ur-
TGS crystal grown below T, which consequently decreases
the optical transparency. This is in agreement with the etch-
ing studies.

By selecting dipolar impurity like urea, the figures of
merit of TGS crystals for device applications have increased
significantly. Urea-doped crystals have three times (below
T,) and five times (above T,) higher normalized growth yield
as compared to pure TGS reported elsewhere [7]. The com-
parative studies of ferroelectric, piezoelectric, dielectric,
mechanical stability, optical quality and crystalline perfec-
tion of below and above T, grown Ur-TGS crystals reveal
that above T, grown Ur-TGS crystals have better physi-
cal properties, better crystal quality and most importantly
higher growth rate. The comparison of physical properties
of [010]-oriented Ur-TGS crystal grown below and above T,
is given in Table 2.

5 Conclusions

The salient conclusions of the present study are summarized
below:

(i) Crystal growth: 5 wt% urea-doped triglycine sul-
phate (Ur-TGS) single crystals were successfully
grown along polar axis [010] by unidirectional solu-
tion growth method (Sankaranarayanan—Ramasamy
method) in two temperature ranges: one below its
Curie temperature 7, (49.3 °C) and another above it.
Specialized apparatus was fabricated for the growth
experiments. Growth rate of Ur-TGS crystal grown
below T, was 3 mm/day, whereas that grown above

T, was 5 mm/day. The phase of the grown crystals
was confirmed by powder XRD.

(i) P-E hysteresis measurements: P—E hysteresis studies
of Ur-TGS crystal grown below T, show well-satu-
rated hysteresis loop and the remnant polarization
was 0.60 pC/cm?2 with a coercive field of 1.5 kV/cm.
Unsaturated hysteresis behaviour was observed for
crystal grown above T, up to the maximum applied
electric field of 2.5 kV/cm.

(iii) Piezoelectric studies: The ds; values of Ur-TGS crys-
tal grown below and above T, were 25 pC/N and 35
pC/N. The dj; coefficient indicates that the piezo-
electric property of the above T, grown crystal was
better.

(iv) Dielectric permittivity: Nearly 10 times higher die-
lectric permittivity was observed for Ur-TGS crystal
grown above T, as compared to the crystal grown
below T,

(v) Microhardness studies: Higher value of microhard-
ness (H,) and lower value of Meyer’s index (n) were
observed for Ur-TGS crystal grown above 7.

(vi) Defects density: The etch pit density (EPD) of Ur-

TGS crystal grown below and above T, was 1.8 and

1.1x 10? dislocations/cm?, respectively. Less number

of etch pits in crystal grown above T, shows that the
quality of the crystals grown above T is better than

the crystal grown below T..

Optical transmittance: The optical transmittance Ur-

TGS crystal grown above T is slightly (~5%) more

than that of crystal grown below.

(vii)

Therefore, higher growth rate and improved physical
properties of Ur-TGS crystal grown above its Curie tem-
perature show its higher potential for device applications.
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