Materials Science-Poland, 33(4), 2015, pp. 692-698
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.1515/msp-2015-0105

DE GRUYTER OPEN

Optical properties of D-serine doped TGS crystals
for pyroelectric sensors*

V.YU. KURLYAK!, V.YO. STADNYK!, B.V. ANDRIYEVSKY2", M.O. ROMANYUK!, Z.0. KOHUT?,
V.M. GABA?

IThe Ivan Franko National University of Lviv, 8 Kyrylo-and-Mefodii St., UA-79005 Lviv, Ukraine

ZFaculty of Electronics and Computer Sciences, Koszalin University of Technology,
2 Sniadeckich St., PL-75-453, Koszalin, Poland

3National University “Lviv Politechnic”, 12 Bandera St., UA-79013 Lviv, Ukraine

Refractive and birefringence indices in the range of transparency of 300 to 700 nm for triglycine sulphate crystals doped
with D-serine molecules have been measured in the temperature range of 290 K to 340 K. The obtained optical properties are
discussed together with characteristic electrical features of these materials used as pyroelectric sensors for measurement of
temperature. The experimental results obtained in this study will be necessary as the reference data for comparison with the
calculated refractive indices of TGS + D-serine on the basis of density functional theory. Determination of the proper position
of D-serine, will reveal the features of TGS + D-serine crystal structure necessary to achieve stable unipolarity.
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1. Introduction

Sensors that can convert optical radiation into
the electric energy are known as pyroelectric sen-
sors. A capacitor-like device with a dielectric layer
in the form of crystalline plate is a sensitive part of
the pyroelectric sensor. Thin layer of the light ab-
sorbing substance is deposited on one of the elec-
trodes. As a result, the optical energy absorbed by
this substance is converted into the thermal one
which consequently increases temperature of the
crystal. This leads to the change in the pyroelec-
tric polarization of the crystal plate which can be
recorded and used for the measurement of sensor
temperature. Commonly, several such pyroelectric
sensors are connected in series to create one mea-
suring device. This may guarantee the insensitiv-
ity of the measuring sensor to ambient temperature
changes and enable the alternating output voltage
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when moving the focused image of an object on
the sensitive surface of the sensor.

The spectral sensitivity of the sensor is deter-
mined by the absorption capacity of the pyroelec-
tric coating plate in a certain frequency range of
electromagnetic radiation. It is also influenced by
optical filters installed in the front of the sensitive
element.

The main parameters of pyrosensors are depen-
dent on the material constants of the sensitive crys-
talline plate of the device. Relations for the fig-
ure of merit of a pyroelectric sensor acting in the
mode of impulse radiation and empty circle were
presented in the literature [1-3]:

=L (1)
C1
In the mode of empty circle and low flux:
My=YeandMs =V (e-1g5)%° ()
C1 C1

where ¢ is dielectric permittivity, y is pyroelectric
coefficient, ¢ is thermal capacity of a unit volume.
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The figure of merit M is a transforming coefficient
at low load resistance, M, is the same but at high
resistance, and M3 characterizes the detecting abil-
ity of the sensor.

Materials for pyroelectric sensors should have
the values M, M, and M3 as high as possible. The
choice of pyroelectric material for the sensor de-
pends not only on the figure of merit but is influ-
enced by other factors. The crucial ones are:

1. temperature of ferroelectric phase transition
Tc, which determines the temperature and
dynamic range of the sensor;

2. mechanical strength and hydrophobicity;

3. magnitude of acoustic losses, which corre-
sponds to the attenuation of elastic vibra-
tions;

stability of single domain state;

level of additional noises;

time stability of parameters;

N w A

simplicity of technology of the sensitive el-
ement;

8. possibility of manufacturing thin layers,
while preserving the characteristics of the
bulk material;

9. possibility of manufacturing sensitive ele-
ments of sensors with large dimensions.

TGS crystals are among the most widely used
pyro-active materials [4—12]. Despite the fact that
almost every year tens of thousands of new synthe-
sized pyroactive crystals, ceramics and polymers
are synthesized, TGS is currently the material with
the highest figure of merit M3, which character-
izes the detecting ability of sensors. Efforts to re-
move the drawbacks inherent to TGS are constantly
undertaken. The main aims of these efforts are to
obtain a stable single domain structure of TGS,
insensitive to temperature, climate and radiation
changes, and able to extend the temperature range
of the pyroelectric sensor sensitivity.

Since pure TGS and isomorphic crystals are
“soft” ferroelectric materials with low coercive
fields, they have a domain structure with unstable
unipolarity. In order to obtain stronger ferroelectric
activity they are doped during the crystal growth

by ions of chromium, copper, nickel or the glycine
molecules of TGS are replaced by the structurally
similar ones, such as L-x-alanine [13].

Presently, pure TGS are practically not used for
pyroelectric sensors and the TGS doped crystal is
one of the most often used for the fabrication of
highly sensitive pyroelectric devices operating at
low frequency modulation.

The introduction of structurally similar organic
impurities into TGS crystal causes fixation of one
of the polarizations +P. or —P. and appearance of
a bias field E, in the crystal. As a result, the dielec-
tric parameters of the doped crystals undergo minor
changes during spontaneous aging that is essential
in practical use of these crystals.

It is known that the molecular serine
(C303NHy7) exists in two stereoisomeric forms, L
and D, which differ in the sign of optical activity.
Stereoisomers are isomeric molecules that have
the same molecular formula and sequence of
bonded atoms, but that differ only in the three-
dimensional orientation of their atoms in space
(L- and D-serine molecules may be converted
one to another by applying the symmetry oper-
ation of mirror reflection) [14-18]. In crystals,
L- or D-serine may exist in the monoprotonated,
CH,(OH)CH(NH3)COOH', and  zwitterion,
CH,(OH)CH(NH3)COO, forms [15-18]. For
example, in one of the serine containing crystal
(C305NH7,),H;PO4H,O [17, 18], the corre-
sponding lengths of the bonds C—C and C-N in
both forms of serine molecule (monoprotonated
and zwitterion) are similar and are equal to
dc_c=1514Aand 1.527 A and dc_n = 1.486 A
and 1.497 A, respectively. However, due to de-
protonation of the carboxyl group in zwitterion,
two C-O bonds become close to each other,
ie. 1.250 A and 1.254 A. The later magnitudes
are close to the averaged C—O distances in the
carboxyl group COOH of the monoprotonated ion
CH,(OH)CH(NH3)COOH™*, 1.205 A and 1.316 A.

In a TGS crystal with admixture of L-serine,
these two forms of serine are connected one
to another by hydrogen bonds. It was revealed
that a relatively small amount of L-serine in the
freshly prepared TGS + L-serine crystal increases
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substantially its spontaneous polarization [16, 19].
Further increase of the concentration of serine

admixture leads to a decrease of spon-
taneous  polarization  and  increase  of
the coercive and bias electric fields.

TGS + L-serine crystals grow asymmetrically
along the b-axis when compared to their initial
form. It was suggested in [19] that distribution of
L-serine admixture is inhomogeneous. The admix-
ture inhibits the growth of the crystal in b-axis
direction, so that more impurities are embedded
into the crystal in its less developed side. It was
found that the internal electric field leads to the
same effect as the external field applied to the
crystal. Since the bias electric field Ey, is higher for
the growth of (0 0 1) pyramid than that of (1 1 0),
the conclusion was derived that more impurities
are embedded in the (0 O 1) pyramid during the
crystal growth.

It was also found that for crystals with a low im-
purity concentration, maximum dielectric permit-
tivity €max is smaller than for the pure TGS crys-
tal and the value of ¢, decreases with increasing
concentration of serine in the solution. The Curie
temperature Tc of TGS + L-serine crystal is lower
than that for pure TGS crystal. The temperature de-
pendences of spontaneous polarization Pg(T) and
coercive field E.(T) of TGS + L-serine crystal
show that spontaneous polarization decreases and
coercive field increases with an increase of the
L-serine concentration in the growth solution.

We have not found similar reference infor-
mation on TGS + D-serine crystal, but one
should expect similar effects to those observed in
TGS + L-serine, described above. This suggestion
is based on the fact that TGS + D-serine crys-
tals grow asymmetrically with respect to the seed
along b-axis, similarly to that observed for TGS +
L-serine crystal, though the asymmetry in case of
TGS + D-serine was found to be developed in the
opposite direction of b-axis [20].

Optical and refractive methods are known to be
a sensitive instrument for studying of the ferroelec-
tric properties of crystals [21]. In the present study,
the characteristics of optical refractive properties of
TGS crystals doped with D-serine molecules in the

temperature range of 290 K to 340 K have been
obtained and discussed in view of their application
as pyroelectric sensors.

2. Experimental

For optical measurements, the parallel plate
samples of TGS crystal doped with 5 % D-serine
were cut from a (0 0 1) pyramid in the most de-
veloped part of the single crystal grown close to its
seed region. Three kinds of the plates orientations,
ie. (1 00),(010),and (00 1), were cut for the
measurements of the birefringence An; of the ma-
terial in three directions, I = X, y, z. For the study of
refractive indices n, the plates of 0.1 mm to 0.2 mm
thickness were used, whereas for the measurements
of birefringence An, the plates of 2 mm to 3 mm
thickness were employed. The crystal orientation
of the plates was checked by conoscopic observa-
tion with He—Ne laser beam and additionally using
a polarization microscope.

Dispersion of refractive index n(A) of a crys-
tal were measured using the spectral interferomet-
ric Obreimov method [22]. In the method, a plane
optical wave incident on the edge of a parallel plate
crystal is splitting into two beams. Along the edge
of geometrical shadow, the light beams passing
through the crystals and environment are overlap-
ping due to diffraction and they interfere. The cor-
responding difference of optical paths A depends
on the refractive index n of a crystal and its geo-
metric thickness d [22]:

A=dn—-1) 3)

The refractive index n of a crystal may be pre-

sented as:
n(A,T)=1+kA/d(T) 4)

The crystal sample thickness d is usually mea-
sured using a quartz dilatometer. The interference
order k is obtained from the same relation 4 us-
ing results of separate measurements of n by the
immersion Obreimov method at one wavelength
A [22]. Measurements of refractive indices using
this method can be performed in the spectral range
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of crystal transparency 290 to 750 nm and tempe-
rature range 77 K to 950 K with an accuracy near
Sn~2x107%.

3. Results and discussion

We have found that the TGS grown with ad-
dition of D-serine are characterized by smaller
refractive indices ny and n, and larger ny one
in comparison with pure TGS, where x, y, and
z are directions of the crystal and physical axes
of the crystal (Fig. 1). The relations between re-
fractive indices, ny > n, > ny, and their corre-
sponding dispersions, dnyx/dA > dny/dA > dn,/dA,
for the TGS + D-serine crystals remain the
same as those for pure TGS. Differences of re-
fractive indices of TGS + D-serine and TGS

crystals for the wavelength A = 300 nm and

700 nm are as follows: n<TGS+D serine) _ (TGS)
(TGS +D serlne)

—2.9 x 1073 and —2.0 x1073, ny -

n{T% = 3.6 x103 and 2.8 x 103, p{"GS TP serine)

™) — 28 %1073 and —1.8 x 1073, These

results indicate that the degree of anisotropy of
optical indicatrix of TGS + D-serine, determined
as the value of maximum refractive indices differ-
ence, is smaller than for the pure TGS (Fig. 1).
One of possible explanations of this result could
be, in principle, the random positions of D-serine
molecules in TGS + D-serine crystal. This, how-
ever, is only one explanation among many oth-
ers. Other probable suggestion proposed earlier for
TGS + L-serine crystals is location of D-serine in
the place of glicine-I unit in pure TGS [19].

Analysis of the dependences nj(A) for TGS +
D-serine by the model of effective ultraviolet os-
cillators has been performed and the increase in
ANy = 8.5 nm and decrease in AAgx = —5.2 nm
and ANy, = —4.3 nm have been obtained in rela-
tion to the pure TGS. These results are in qualita-
tive accordance with the changes of refractive in-
dex anisotropy discussed above.

It is known that the molecular refraction:
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Fig. 1. Dispersion of refractive indices n;(A) (i =X, y, z)
of pure TGS (open circles) and TGS + D-serine
(closed circles) crystals at ambient temperature,
T =293 K.

of TGS, being an additive value, is composed of ap-
proximately equal contributions of four molecular
groups: (1) NHs ion, (2) glicine core, (3) carboxyl
ion and (4) SO4 ion with hydrogen bonds. Ad-
dition of D-serine CH,(OH)CH(NH,)COOH into
the TGS crystal or substitution of the glicine
CH,NH,COOH by D-serine should increase the
molecular refraction R of TGS + D-serine. If,
however, one takes into account corresponding in-
crease in the molecular weight M, the averaged re-
fractive index n of TGS + D-serine may be ex-
pected unchanged or changed only slightly, accord-
ing to the relation 5. The latter conclusion is gener-
ally supported by the experimental results obtained
(Fig. 1).

Temperature changes of the refractive indices n;
(1 = x, Y, z) of TGS + D-serine are linear in the
paraelectric phase and nonlinear in the ferroelec-
tric one (Fig. 2). The largest temperature changes
of refractive indices in the polar phase are observed
for the x-polarization. The relation d ny/d T >
|0 n,/0 T | > |d ny/d T| takes place for TGS +
D-serine, which is the same as for pure TGS. The
only difference is in the magnitudes of d n;/dT,
which are much smaller than those for pure TGS.
In other words, insertion of the D-serine admixture
leads to a decrease in the temperature sensitivity
of refractive indices n;(T). On the phenomenologi-
cal level, this result is obtained due to the influence
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of internal stresses and decrease in spontaneous
electrical polarization of the doped crystals [23—
25]. On the microscopic level, the results observed
may be associated with the fact that all glicine
molecular groups in TGS are almost plane and are
oriented perpendicularly to the polar y-axis, what
determines the anisotropy of refractive indices of
TGS, nx > n, > ny. If the D-serine molecular group
is oriented along the polar axis in TGS + D-serine,
this may result in a change in the corresponding
optical anisotropy due to the relative increase of n,
and decrease of ny and n,, which is really observed.
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Fig. 2. Temperature dependences of refractive indices
ni(T) A = x, y, z) of TGS + D-serine at the
wavelength A = 500 nm.
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Fig. 3. Temperature dependences of coefficients of
quadratic EOE Ry (i = x,y, z) of TGS + D-
serine at the wavelength A = 500 nm.

Changes in the dependences n;(T) observed at
the Curie temperature, Tc = 322 K (Fig. 2) may
be associated with the ferroelectric phase transi-
tion resulting in the spontaneous electrooptic effect
(EOE) in the crystal. Because of the presence of
the inversion symmetry operation in the structure
of paraelectric phase of TGS, the liner EOE is im-
possible [26]. For this reason, the spontaneous in-
crements of refractive index of TGS may be pre-
sented at first approximation in the form:

(6)

on; = %n?Rinyz,i =X,02
where Rjy are coefficients of the quadratic EOE, Py,
is the spontaneous polarization, P along y-axis of
TGS and n; are refractive indices. The coefficients
of quadratic EOE, R;y were calculated using the re-
lation 6 in the temperature range of 290 K to 322 K
(Fig. 3). For the calculations of Ry, the temperature
dependence of square of spontaneous polarization
has been taken as P§ = a(T - T¢), where the coef-
ficient a is equal to 3 x 107> C%/(m*-K) [27, 28].

Although the relation between principal refrac-
tive indices of TGS + D-serine is the same as
for TGS, ny > n; > ny, the temperature depen-
dences of spontaneous temperature changes 5ni(s)
(differences between experimental points and cor-
responding dashed lines in Fig. 2 and Fig. 4) and
corresponding coefficients of quadratic EOE, Rjy
are different (Fig. 2 — 5).
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Fig. 4. Temperature dependences of refractive indices
ni(T) 1 =X, y, z) of TGS at the wavelength A =

500 nm.
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Fig. 5. Temperature dependences of coefficients of
quadratic EOE Rjy (i = X, y, z) of TGS at the
wavelength A = 500 nm.

The values of birefringence A n; = nj — ng
G4, j, k = x, y, z) of TGS + D-serine are dif-
ferent from those for the pure TGS (Fig. 1). At
the same time, the relations between the disper-
sions of principal birefringence remain the same
as those for pure TGS, |dAn,/dA| > |dAny/dA| >

|0Any/dA|. Tt is seen from Fig. 1 that the relations

An)((T(GS—H))—serme) <An)((TGS) and AngTGS +D—serine)
TGS

<An, take place. The difference between the
birefringences An§TGS+Dﬂeme) - AngTGS) changes
between positive 5.59 x 10~* (at A = 300 nm) and
negative —7.32 x 10~* (at A = 750 nm) value, de-
pending on the wavelength region. In the wave-
length region of A =~ 365 nm, the equality of bire-
fringences An§TGs+DS€rme) = AngTGS) = 0.03089
takes place. We have found that the absolute value
of temperature change of birefringence |d(An, )/dT|
for TGS + D-serine is much smaller than that for
pure TGS. This results in a displacement of the
spectral point, where An§,TGS+Dserme) = Ang,TGS),
to the shorter wavelengths when temperature de-
creases to room temperature (T = 293 K).

One can expect that different amounts of
D-serine admixture will lead to monotonous
changes in refractive indices and birefringence of
TGS + D-serine, that would be rather a common
result. However, the presence of the spectral point,
where the difference between the birefringence of
pure and D-serine doped TGS changes its sign, is a

special result, which may be used for the study of
the admixture distribution by the optical method.

Decrease in temperature leads to an increase in
the birefringence An; (i = X, y, z) in three crystal-
lographic directions (Fig. 6).
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Fig. 6. Temperature dependences of birefringence
Ani(T) (i = x, y, z) of TGS + D-serine at the
wavelength A = 500 nm.

The dependences An;(T) (i = x, y, z) are linear
in the paraelectric phase and are characterized by
small nonlinearities in the polar one. The main pa-
rameters of pyroelectrical sensors obtained on the
basis of TGS and TGS + D-serine crystals are pre-
sented in Table 1. Here, ¢ is dielectric permittiv-
ity of a crystal in the paraelectric phase, v is py-
roelectric coefficient, ¢ is heat capacity, tgd is a
measure of dielectric losses, M = £, M, = Y& and
M; = %(fytgé) are figures of merit related to the py-
roelectric effect. The larger are the coefficients My,
M, and M3, the better the crystal is as a pyroelec-
tric material.

The main advantage of TGS + D-serine as a
material for pyroelectric sensor in comparison to
pure TGS is the high coercive field. This leads to
a decrease of the relative instability of pyroelectric
material what is seen in Table 1. Also, TGS + D-
serine is similar to linear pyroelectrics. An increase
in the coercive field of TGS + D-serine in compa-
rison to pure TGS may be associated with the cor-
responding decrease of the optical anisotropy ob-
served in the present study upon the transition from
TGS to TGS + D-serine.
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Table 1. Influence of D-serine admixture on the pyroelectric parameters of TGS at room temperature.

Material e tgd  yx 100 M;x100 M, x10'©  M;3x10'0 Relative instability, %
C/(m?*K) C-m/J C-m/J C-m/J
TGS 40 0.1 3.5 1.4 3.5 0.7 60
TGS + 5% D-serine 47 0.085 1.6 0.64 14 0.3 8
4. Conclusions [10] KLADKEVICH M.D., KREMENCHUGSKI L.S.,
SAMOILOV V.B., Thermal radiation detectors,

Magnitudes of the principal refractive indices
of TGS + D-serine crystals, ny, ny, and n,, were
found to be close to those for pure TGS. This may
be explained by the close chemical compositions
of these substances. However, the temperature de-
pendences of refractive indices and birefringence
of TGS + D-serine differ from the analogous val-
ues of TGS more substantially. This may be related
to different stability of the unipolar state of these
materials.s

The experimental results obtained in this study
will be necessary as the reference data for the
comparison with the calculated refractive indices
of TGS + D-serine. These refractive indices will
be obtained by using the density functional theory
(DFT) based calculation codes. The correspond-
ing computer simulation runs will be done for dif-
ferent positions of D-serine molecules within the
TGS unit cell. Determination of the proper po-
sition of D-serine, should reveal the features of
TGS + D-serine crystal structure necessary to
achieve stable unipolarity.
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