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Considered are the temperature conditions of the solution growth of organic DAST
single crystals by means of an electric contact thermometer or a thermocouple as a
temperature regulator. It is shown that in the former case the accuracy of temperature
control does not exceed +0.1°C. The synthesis of the parameters of the temperature
controller of a thermostat with a crystallizer as a control object with a delay has been
carried out. A microprocessor-based program logic unit has been built, where the thermo-
couple signal is digitized and programmatically filtered by an exponential moving average
filter in order to determine the tendency of the measured value to change and in order to
form a regulating effect on the heater. The control accuracy is £0.01°C. The absence of
surface and internal defects in crystals grown without fluctuations in the cooling rate of
the solution using a type K thermocouple is shown.

Keywords: organic single crystal, thermocouple, regulator parameters, exponential
filter, control accuracy.

Jocaigkenna TeMIepaTypHHX yMOB BHPOILYBAHHA OpPraHiuamx moHoKpucraixis DAST
i3z posumny. O.Il.Boponos, B.C.3adopoxcniii, I.M.IIpumyana, I.I.Tasposcvruii, I.C.Tepsin,
R.Galbadrakh, L.Enkhtor

Posrasinyro TemmeparypHi ymMoBM BupolryBaHHSA opraHiunux moHogpucranis DAST s
POBUVHY IPU BUKOPUCTAHHI B AKOCTi peryiAropa TeMIepaTypu eJeKTPOKOHTAKTHOTO TEPMO-
MeTpa abo Tepmomapu. Ilorkasamo, 110 IpU peryiaiOBaHHI TeMIepaTypu eJIeKTPOKOHTAKTHUIM
TePMOMETPOM TOUHiCTH perysioBanHs He nepesBuiitye +0.1°C. IIpoBegeno cunTes mapamerpis
peryanATopa TeMIEpaATypM TepMOCTaTa 3 KPUCTANIiZaTopoM AK o06’e€KTa YIpaBIiHHSA 3 B3a-
nismenHaM. [lobyzoBanuil MiKpoOIpPOIleCOPHUN TPOTPAMHO-JIOTIUHUNI OJIOK, A€ CUTHAJT TEePMO-
napu onudpoByeThbca i mporpamMHO (QinbTpyeThbcda eKcHoHeHIianabHUM (inbTpoM 3MiHHOTO
CepeIHBLOTO 3 METOH BUSHAUEHHA TeHAeHIT! sMiHm BumiproBaHol BeamumHu i dopMyBaHHSA
perymaionuoro BoiauBy Ha HarpiBau. Tounicts perymoBamms cranoButh 10.01°C. Ilokasamo
BiIcyTHiCTEH MOBepXHeBUX i BHyTpimHIX medeKTiB y KpucTamax, BUPOIeHUX 6e3 GIyKTyarrin
LIBUZKOCTL OXOJIOAIKEHHS POSYMHY i3 3acrocyBaHHAM Tepmonapu K-tumy.
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PaccmorpeHnl TeMIepaTypHBIE YCIOBUA BBIPAIMBAHUSA OPTAHNYECKNX MOHOKPUCTAJIIOB
DAST wus pacrBopa mpu KHCIONIBL30BAHUN B KaueCTBe PEryJIATOPA TeMIepaTyphl SJIeKTPOKOH-
TAKTHOTO TepMoMeTpa MNJIU TepMoIaphl. llokasaHo, UTO IPU PeryIMpPOBAHUN TeMIIePATYPHL
SJIEKTPOKOHTAKTHLEIM TEPMOMETPOM TOYHOCTL peryiupoBanus He mnpesbimaer +0.1°C. Ompe-
JeJIeHBLI IIapaMeTpPhl PEryaaTopa TeMIIepaTyphl TEPMOCTATA ¢ KPUCTALIN3ATOPOM, KaK OOBEK-
Ta yOpaBJeHUSA C 3ala3gblBaHIeM, IIPU KCHIOJb30BAHNN B KaUueCTBe AATUNKA TeMIIePaTyphl
Tepmorapbl. C Lesbl0 ompejesieHUs TeHAEHIINYM N3MEHEeHUS HN3MepsaeMoil TeMIepaTypbl U
dopMUPOBAHUA PeryaupYIOIIEro BO3LeNCTBIA Ha HarpeBaTelb IIOCTPOEH MIKPOIIPOIIECCOP-
HBII IPOTPAMMHO-JIOTUYECKNI O6JI0K, TZe CUTHAJ TepMOIaphl oliudpPOBLIBAETCA U IPOTPAMHO
bUALTPpyeTCA SKCIOHEHIINANLHBIM GUILTPOM CKOJBL3AINEro cpegHero. ToUHOCTL peryimnpoBa-
uusa cocrapiasger +0.01°C. Ilokasano orcyTcTBHe MOBEPXHOCTHBIX U BHYTPeHHUX AedeKTOB B
KPUCTAJIaX, BHIPAIeHHLIX 0e3 QIyKTyalluii CKOPOCTH OXJaMKAeHUA PacTBOpa ¢ IPUMeHeHI-

eMm Tepmonapsl K-tuna.

1. Introduction

Organic molecular structures charac-
terized by high nonlinear optical coeffi-
cients are considered promising materials to
be used in different photonic applications
including light frequency conversion, elec-
trooptical modulation, generation and regis-
tration of terahertz waves [1-3]. Such
structures are based on mnonlinear optical
molecules (chromophores) with high molecu-
lar nonlinearity, mostly dipolar ones [4]. In
order to obtain macroscopic nonlinear opti-
cal response, in the process of crystal-
lization, such molecular structures must
form a noncentrosymmetric structure from
molecules with high dipole moment [5]. This
can be achieved e.g. by incorporation of
chromophores into polymer matrices with
subsequent polarization by electric field,
molecular self-assembling with subsequent
formation of an amorphous acentric struc-
ture, or the growth of noncentrosymmetric
nonlinear optical single crystals [6].

Organic molecular structures possess
high thermal and photochemical stability,
steady packing of chromophores in compari-
son with polymer composites that makes
them promising for the obtaining of elec-
trooptical and nonlinear optical materials.
However, the problem of the growth of
high-perfection bulk and thin-film crystals
has not been solved so far. Molecular crys-
tals are obtained by different, sometimes
rather complex, methods and growth equip-
ment. The most traditional growth technolo-
gies include the method of slow cooling, or
slow isothermal evaporation which may be
combined with temperature gradients at the
crystallization front [7].

Many nonlinear bulk organic crystals
with high optical quality such as DAST
(4N ,N-dimethylamino-4’-N’-methylstilbazolium
tosylate), DSTMS (4-N,N-dimethylamino-4’-
N’-methyl-stilbazolium 2,4,6-trimethylben-
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zenesulfonate), HMQ-TMS 2-[(4-hydroxy-3-
methoxystyryl)]-1-methylquinolinium 4-(tri-
fluoromethyl) trimethylbenzenesulfonate),
OH1 (2-(3-(4-hydroxystyryl)-5,5-dimethylcy-
clohex-2-enylidene) malononitrile) etc. are
grown from the solution [5, 6, 8]. Thereat,
the most promising among them is DAST.
Optimization of the solution growth of such
crystals with high optical quality is de-
scribed in [9]. Nevertheless, the obtaining
of perfect DAST crystals still remains a
topical problem. As a rule, the growth of
high-quality bulk (DAST) crystals lasts
from one to two months, thereat during this
period it is necessary to provide high accu-
racy of temperature stabilization that is
caused by physicochemical features of the
growth of DAST from the solution in
methanol.

During the growth of crystals by the
method of lowering the solution tempera-
ture, an abrupt change of the temperature
gives rise to the corresponding change of
the solution supersaturation in the vicinity
of the growing crystal. This inevitably af-
fects the composition, real structure and,
finally, optical properties of the grown
crystal. So, there arises the necessity of a
smooth change of the temperature in order
to maintain the constant motive force of the
process or its normal change.

Smooth temperature changes are espe-
cially necessary for the substances which
growth rate and structure imperfection
strongly depend on the solution supersatu-
ration. Such a temperature control can be
realized only by means of automated de-
vices.

In the present paper we analyze the tem-
perature conditions of the solution growth
of DAST single crystals at different systems
of temperature control using electric con-
tact thermometer or thermoelectric tem-
perature transducer — type K thermocouple
(chromel-alumel).
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Fig.1. Setup for single crystals growth from
solution.

2. Experimental

To study the temperature conditions for
growing DAST crystals, both in the case of
temperature control with an electric contact
mercury thermometer and a type K thermo-
couple, we used the setup shown in Fig. 1.

The setup used contains a liquid thermo-
stat — a cylindrical thick-walled glass jar
filled with water which plays the role of
heat carrier. To provide uniformity of the
temperature field, the water contained in
the thermostat is to be mixed. The crystal-
lizer 1 made in the form of cylindrical glass
jar is placed in the cylindrical glass thermo-
stat 10 containing supersaturated solution.
The crystallizer 1 is hermetically sealed
with the lid 2. The thermostat 10 is sup-
plied with two stirrers 9 for uniform mix-
ing of the water (heat carrier). The tem-
perature conditions in the thermostat are
maintained by means of two heaters 8 and
the electric contact thermometer 6 which is
the temperature sensor of the heat regula-
tor. Temperature control is realized using
the thermometer 7. The seed 4 placed into
the solution is fixed to the crystal holder 3
which is also a reversible agitator for crea-
tion of motion of the solution in the process
of crystal growth.

The volume of the thermostat depends on
the dimensions of the crystallizer placed in
it, as well as on the requirements to the
accuracy of maintenance of the tempera-
ture. The larger the thermostat volume, the
less temperature fluctuations in the crystal-
lizer.
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Fig. 2. Block diagram of the temperature
control system for DAST single crystals
growth from solution using type K thermo-
couple as a temperature sensor of the ther-
moregulator.

Temperature control by means of electric
contact thermometer is realized as follows.
The crystallizer placed into the thermostat
heated up to the growth temperature is
filled with filtered DAST solution. The
automated system which controls the tem-
perature conditions during the growth has a
two-position temperature control and in-
cludes the power block of the heaters, the
electric contact thermometer-heat regulator,
and the generator of pulses controlling the
step motor for rotation of the magnetic
head of the electric contact thermometer.
The generator provides different speeds of
rotation of the magnetic head and, as a con-
sequence, different rates of temperature
change at different stages of crystal
growth. If necessary, the crystal growth
conditions can be changed by the operator.

Shown in Fig. 2 is the block diagram of
the regulation system with the type K ther-
mocouple used as a sensor of the ther-
moregulator. The system comprises: 1 —
control object EK: the heater in the thermo-
stat; 2 — the temperature sensor BK (type
K thermocouple); 3 — program logic block
(controller): microprocessor-based program-
mable temperature controller RPM-T2.1; 4
— triac power module VS.

Temperature control by means of thermo-
couple is realized as follows. The program
logic block — microprocessor-based pro-
grammable temperature controller RPM-
T2.1 — is programmed with temperature

Functional materials, 28, 3, 2021
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values linearized at each subsection and the
temperature value that must be maintained
in the thermostat with an accuracy of
10.01°C is set in advance. The signal from
the temperature sensor BK (type K thermo-
couple) with a frequency of 120 Hz is fed to
the input U (t°C) of the RPM — T2.1 regu-
lator, where it is digitized in the ADC and
programmatically filtered by an exponential
moving average filter, implemented as:

Fmeas ~ ¥n-1 1)

The exponential filter is a sequential se-
ries of values with exponential coefficients,
where x, is the new value of the smoothed
series; x,_;, the preceding value of the said
series; X,,,s, the last measured value.

The exponential filter is calculated for
finding out the tendency of changes in the
measured value. The logical unit of the mi-
croprocessor compares the preset tempera-
ture value with the deviation of the meas-
ured temperature from the mean value and
creates a two-position regulating action on
the heater EK via triac power module VS.

The influence of the temperature condi-
tions on the growth of DAST crystals during
temperature control using either an electric
contact mercury thermometer or a thermo-
electric temperature transducer — a type K
thermocouple as a temperature sensor, was
observed on micrographs of the crystal sur-
face using a Zeiss Axioskop 40 A POL micro-
scope with access to the computer.

3. Results and discussion

It is well known that the motive force of
solution crystallization is supersaturation
of the solution. The greater the supersatu-
ration, the higher the crystal growth rate.
Supersaturation of solutions depends on
their temperature, and this dependence is
well approximated within a narrow tempera-
ture interval by a linear function [10]. The
degree of supersaturation is limited by the
value of metastable solution zone and con-
trolled by changes in the temperature.

According to the literature data [9, 11,
12], for the growth of DAST crystals the
optimum concentration of the solution
DAST/methanol is 3.7 g of DAST/100 g of
methanol. If to approximate the tempera-
ture dependence of solubility by the relation

S — .
CRAST = -0.044+0.0016 - T, (9
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it can be easily shown that the concentra-
tion CyPAST is equal to 0.0232 g/ml solu-
tion at the saturation temperature T =
42°C. The width of the solution metastable
zone is ~ 8°C, while the relative supersatu-
ration at the edge of the metastable zone (~
34°C) will be 6 =C - Cy/Cy = 55.17 % . For
comparison, the corresponding value for
KDP (KH,PO,) water solution at similar
temperature conditions is 6= 10.6 %, for
phosphate LDP (LiH,PO,) solution o=
3.6 %.

As shown in [18], the value of supersatu-
ration is defined by the corresponding solu-
tion supercooling, and also depends on the
growth temperature and the solution con-
centration. High-concentration solutions
such as KH,PO, require more essential su-
percooling to obtain a desired supersatura-
tion than low-concentration solutions, e.g.
DAST. In particular, the relative supersatu-
ration 6 =10.6 % for KH,PO, is achieved
at a supercooling of ~ 8°C with respect to
the supersaturation temperature Ty = 42°C,
for DAST with 6 =11.5 % it is enough to
obtain a supercooling of ~ 1.7°C.

According to [14], the normal rate R of
solution crystal growth is proportional to ¢
and expressed as:

where B is the kinetic coefficient, Q is the
volume of the dissolved substance molecule,
Cy is the equilibrium concentration.

As is seen, the same values of supersatu-
ration in high-concentration and low-con-
centration solutions provide different
growth rates — 10 mm/day and
0.4 mm/day for KDP [14] and DAST [9],
respectively. So, it follows that the growth
of DAST crystals is effective enough even
at insignificant supercooling values, that
gives rise to rather stringent requirements
to precision of temperature control in the
process of crystal growth.

Control of the temperature conditions of
crystal growth must provide the required
heating of the solution, stable maintenance
of the temperature and the possibility to
smoothly change it. Smooth control of the
temperature can be achieved by means of
standard electric contact thermometers. In
the latter electric contacts are arranged
along the capillaries at different heights.
One of them made in the form of metal
tungsten hair can move through the capil-
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Fig. 3. Changes in thermo-EMF values of type K thermocouple in mV/°C: a) when going from (0-10)°C
to (0-100)°C (the absolute temperature measurement error increases by & = 1.26-1073 mV/°C); when
going from (0-10)°C to (80-90)°C (the absolute temperature measurement error for each fragment

is §=0.2.10"3 mV/°C).

lary by means of a micrometric screw with
magnetic head.

At heating above the normal value set by
the position of the upper contact mercury
moves through the capillary and closes the
contacts. Until the contacts in the ther-
mometer are not closed, the power block
conducts current through the heater. After
the heater has raised the temperature up to
the value at which the contacts are closed,
in the power block there appears a control
signal which opens the contacts to start
cooling. The error of temperature mainte-
nance for the given thermostat with two-po-
sition temperature control is +0.1°C.

The described system has an essential
drawback, since the tungsten hair in the
thermometer is in contact with mercury.
During circuit breaking a spark jumps
across the contacts, and the temperature of
the mercury meniscus sharply rises. This
leads to oxidation of mercury followed by
wetting of the capillary and distortion of
the meniscus. Thereat, in the course of time
the moments of chain closure and breaking
will not exactly correspond to the preset
temperature. Errors associated with the
"sticking” of the mercury-tungsten filament
contact during opening, as well as errors
associated with the mechanical maintenance
of a given uniform temperature change (ro-
tation of the magnetic head) are also added,
which further reduces the accuracy of tem-
perature control.

In view of the mentioned drawbacks, the
system which controls the temperature con-
ditions of the solution growth of DAST
crystals is to be improved.
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One of the methods for solving the
above-said problem is to substitute the elec-
tric contact thermometer by a thermoelec-
tric temperature sensor, e.g. type K thermo-
couple. However, the latter has an essential
nonlinearity of the characteristic curve
within the interval which includes the
growth and annealing temperatures of or-
ganic single crystals (0-100°C).

To provide the lowest measurement error
and temperature stabilization while using
the thermocouple in the capacity of the sen-
sor, it is convenient to divide the nonlinear
part of its characteristic curve into equal
fragments corresponding to 1°C and to
linearize each of them by the function y =
ax. Here x takes on discrete values not ex-
ceeding 0.001°C, whereas the coefficient a
corresponds to the tangent of the inclina-
tion angle of the linearized curve for each
1°C fragment of the characteristic thermo-
couple curve.

If to divide the mentioned curve into
equal non-linearized fragments, the error of
temperature stabilization will be defined by
non-linearity of the thermo-EMF values of
the thermocouple on each portion of the
non-linearized section. For instance, the
comparison of the segments (0-10)°C and
(0-100)°C shows that the absolute error of
temperature measurement rises by the value
8 =1.26-10"3 mV/°C, Fig. 3a.

Meanwhile, when the characteristic curve
of the thermocouple is divided into 1°C por-
tions linearized as shown above, the error
of temperature stabilization will be also de-
fined by non-linearity of the thermo-EMF
values of the thermocouple which arises on

Functional materials, 28, 3, 2021
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Fig. 4. Temperature changes in the thermostat of the setup for single crystals growth from solution
by means of: a) electric contact thermometer; b) type K thermocouple.

each linearized segment of the charac-
teristic curve. However, in this case the
comparison of the segments (0-10)°C and
(80-90)°C testifies that the absolute error
of temperature measurement on each seg-
ment is 8 = 0.2.1078 mV/°C, that is almost
by an order less than the one for the non-
linearized characteristic curve (Fig. 3b).

The thermostat with the crystallizer for
the solution growth of the crystals is a time
delay control system [15, 16]. The required
control precision was achieved due to the
study of the control object characteristics,
parametric modelling/simulation, synthesis
of the regulator parameters, that allowed to
obtain the transient function for a time
delay system:

0.5 3 4)

W) = ————
H®) 4p? + 8p + 1

Then there was proposed the transient
function of the regulator in the form:

bp + by (5)

W.(p) = )
P plap +1)

Here p is the Laplace operator.

Formulated were the following synthesis
criteriaz 8,=5 % and the -condition
0 — AJ,<8<d + A, AS, = 1 %, where 9§, is the
preset overcontrol; £, — min, ¢, is the over-
control time.

The synthesis was realized using the nu-
merical method [12, 18] in MATLAB me-
dium, and there was chosen digital filtra-
tion by exponential filter of moving aver-
age.
The use of two-position control is caused
by the fact that the control object has a
very large delay time that makes the use of

Functional materials, 28, 3, 2021

the PID control ineffective. Additional in-
vestigations show that the range of time
steps of the regulated action on control ob-
ject is 1-10 s.

To provide temperature control accurate
up to 10.01°C, it is necessary to ensure a
maximal accuracy and a minimal error of
temperature measurement.

In the discussed case the maximal meas-
urement accuracy can be achieved by means
of an analog-digital converter with a capac-
ity of 24 bit, a rate up to 470 samples per
second and digital signal filtration. Based
on the established range of time regulation
steps, there was chosen the minimal regula-
tion step equal to 1 sec, that allowed to
realize 120 measurements per sec. Such a
high measurement frequency was achieved
due to digital filtration between the regula-
tion steps in the form of exponential filter
of moving average. The main criteria of the
choice of analog-digital converter and expo-
nential filter of moving average were mini-
mization of the microprocessor resources
and simplicity of realization. The least sig-
nificant 8 digits of the 24 digits of the
measured value digitized by the ADC are
discarded. The remaining 16 digits give
65535 gradations of the measured value,
which provides a measurement accuracy of
100°/65535 = 0.0015°C.

As mentioned above, to provide the mini-
mal error of temperature measurement, the
nonlinear section of the characteristic curve
of the thermocouple was divided into equal
fractions corresponding to 1°C with sub-
sequent linearization of each of them.

Fig. 4 presents the curves of changes of
the temperature in the thermostat of the
crystal growth setup for the solution
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c)

d)

Fig. 5. Micrographs of the surface of DAST ecrystals grown under temperature control using an
electric contact thermometer (a,b), and using a type K thermocouple (c,d). Micrographs (a), (c¢) show
(001) plane in reflected light, (b), (d) show (001) plane in transmitted light. x50.

growth of crystals with temperature control
by means of the electric contact thermome-
ter (Fig. 4a) and the type K thermocouple
(Fig. 4b). The analysis of the dependences
of stabilization and decrease of the tempera-
ture testifies that the efficiency of tempera-
ture control by the thermocouple is notice-
ably higher than the one realized using the
thermometer. The accuracy of temperature
stabilization is 10.01°C and 10.2°C, respec-
tively.

The influence of temperature fluctua-
tions of the supersaturated solution cooling
on the growth of DAST crystals is clearly
observed in the micrographs of the crystal
surface obtained in the process of tempera-
ture control by means of the electric contact
thermometer (Fig. 5a,b) and the thermocou-
ple with the above-mentioned approximation
of the nonlinear part of the characteristic
curve (Fig. 5¢,d).

As is seen, there arise parasitic crystals on
the surface (001) plane (Fig. 5a) and charac-
teristic defects (cracks) in the crystal bulk
which do not reach the surface (Fig. 5b).

In the crystals grown in the absence of
fluctuations of the solution cooling rate
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using the thermocouple the mentioned de-
fects are not observed (Fig. 5c,d).

The formation of the cracks may be con-
nected with the fact that fluctuations of the
cooling rate of the solution during the
growth disturb homogeneity of its composi-
tion. Inhomogeneous solution of DAST in
methanol favors the formation of a larger
number of active growth centers on the sur-
face of the growing crystal in comparison
with the one of the homogeneous solution.
During the growth of additional crystal-
lization nuclei the neighboring domains
compress each other that results in the ap-
pearance of internal stresses in the crystal
and its cracking.

4. Conclusions

As established while studying the tem-
perature conditions of the solution growth
of organic DAST single crystals, the devel-
oped system of precision temperature con-
trol using type K thermocouple as a tem-
perature sensor of the thermoelectric tem-
perature transducer may be used within the
range (0-100)°C which includes the tem-
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peratures of the growth and annealing of
organic single crystals.

It is shown that the division of the non-
linear part of the characteristic thermocou-
ple curve into equal fragments and lineari-
zation of each of them makes it possible to
minimize the temperature measurement
error, the absolute measurement error being
almost by an order less than that in the case
of the non-linearized characteristic curve.

It is established that to ensure tempera-
ture control in the thermostat with an accu-
racy of 10.01°C, a prerequisite is the use of
a microprocessor-based program-logic unit,
in which the thermocouple signal is digit-
ized by an ADC with a 24-bit resolution and
a rate of up to 470 samples per second and
programmed with an exponential moving
average filter in order to determine the
trend of the measured value change. The
logic device of the microprocessor compares
the set temperature value with the devia-
tion of the measured temperature from the
average in the exponential filter, and forms
a two-position control on the heater.

In the crystals grown without fluctua-
tions of the solution cooling rate using the
type K thermocouple, there were not ob-
served surface and internal defects.
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