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The increasing interest in dibenzotetraaza[14]annulene (TAA) is motivated by the demonstrated per-
spectives for using this organic semiconductor in actively progressive now spintronics and in other fields
of electronics. This work is the first study on polymorphism, which may occur in powder and in thin TAA
films. The results of this study showed that the initial TAA powder synthesized by chemical methods are
both now known polymorphic forms of TAA which were registered at Cambridge Crystallographic Data
Centre as GAGVAL and GAGVALOI1. It was also found that at the condensation of thin films G-form
initially formed while after increasing the film thickness the GO1-form will forms also and a continuous
films have twophases and contain both known polymorphs — G and GO1. The X-ray diffraction pattern
indicated also that crystallites in thin TAA films show a strong preffered orientation (texture) with the (100)
plane (for G-polymorph) and (002) plane (for GO1-polymorph) parallel to the surface of the substrate.
Keywords: organic semiconductors, thin films, dibenzotetraaza[ 14]annulene, polymorphism.

KPUCTAVIMMECKASA CTPYKTYPA U HIOJIMMOP®U3M B [TIOPOLIKE
U B TOHKUX IIVIEHKAX IMBEH30TETPAA3A[14]AHHYJ/IEHA
B. I. YnoBuuxuii

YBenuuenune uHTEpeca K aubenszorerpaasall4]annyneny (TAA) oOycioBneHO MEpCHEKTHBAMH HC-
THOJIb30BAaHMS 3TOTO OPTaHWYECKOTO MOJYIPOBOIHMKA B aKTHBHO Pa3BHBAIOIICHCS ceHdac CIMHTPO-
HHKE, a TAKOKe U B IPYTHX 00IACTSIX IeKTPOHMKH. [laHHas paboTa sBISeTCs HepBBIM UCCIICIOBAHIEM,
KacarommMcs MoIMMopdu3Ma, KOTOPBI MOKET UMETh MecTo B Kpucrauiax TAA Kak B MTOPOIIKO00-
pa3HOM BHJIE, TAK U B €T0 TOHKUX IUICHKaX. YCTaHOBJIEHO, YTO B TIOPOIIKOOOpa3HOM BemecTBe TAA,
CHHTE3HPOBAHHOM XUMHYECKUMH METOIAMH, IPUCYTCTBOBAIIM 00€ M3BECTHBIC MOTMMOP(HBIE (HOPMEI
TAA, 3apeructpupoBansbie B KeMOpHIKCKOM LIEHTpE KPUCTAIIIOCTPYKTYPHBIX JaHHBIX 1MoA mingpa-
Mu GAGVAL nu GAGVALO1 (G u G01). O6Hapy»keHo, 4TO MpH KOHJEHCAIIMHM TOHKUX IJIeHOK TAA
BHaYaje MperMylIeCTBEHHO 00pasyrorcst kpuctauuTbl G-popmel. [To Mepe yBennveHHs: TONIIUHEI
ruieHkn oopasyercst 1 GO1-popma, a crutoniHas ieHKa sSBisieTcs AByX($a3Hoi, T. . copep Ut oda n3-
BeCTHBIX nonumop(a. PerTreHoanpakiinoOHHBIM METOIOM YCTaHOBJIEHO, 4TO TuieHKH TAA oOmama-
JIU TIPEUMYTIIECTBEHHON OpUEHTANNEH KPUCTAIUTUTOB (TEKCTYpoit) mmockocThio (100), mapamiensHon
noasoxkke st G-pOpMBL, B, COOTBETCTBEHHO, TTOCKOCTHIO (002) st GO1-popmbr.

KuiroueBble ci10Ba: oOpraHUYeCcKHe MOTYIPOBOIHUKY, TOHKUE TUICHKH, THOeH30TeTpaasal 14 ]aHny-
JIeH, TONMUMOP(HU3M.

KPUCTAJIIYHA CTPYKTYPA TA IMOJIMOP®I3M B ITIOPOUIKY
I TOHKUXIIJIIBKAX IUBEH30OTETPAA3A[14]AHYJIEHY
B. I'. YaoBuubkuii

3pocranHs iHTepecy a0 AuOenzorerpaasall4]anyneny (TAA) oOyMOBIEHO TMEpCHEKTHBAMH BHUKOPH-
CTaHHS IbOT0 OPraHIYHOTO HAIIBIPOBIHUKA B CITIHTPOHILI, sIKa 3apa3 aKTHBHO PO3BHBAETHCS, a TAKOXK
1 B iHIIMX 00nacTsIx enekTpoHiku. L poboTa € mepimm A0CTIKEHHSIM, 1110 CTOCYEThCS MOIIMOp(izmy,
KU MOYKE MaTH Miclie B Kpuctanax TAA sK B OPOLIKONOAIOHOMY CTaHi, TaK i B fOro TOHKHUX TUTIBKaX.
Busieneno, mo B noporkononioHii peuoBuni TAA, cuHTE30BaH i XiMIYHUMH METOIAMH, OyJTH IPUCYTHI
obuzgi Binomi nomiMopdHi popmu TAA, 3apeectpoBani B KeMOpHIKCbKOMY LIEHTPi KPHCTAIOCTPYK-
TypHux aanux nix nmdppamu GAGVAL ta GAGVALO1 (G i GO1). BeranoBneHo, 1o nipu KoHAEHCAITl
TOHKHMX IUTiBOK TAA criouaTky rnepeBakHO yTBOPIOIOThCS KpucTamiTi G-hopMmHu. 31 3p0OCTaHHSAM TOBLIU-
HHU TUTIBKK YTBOPIOEThCA Takok 1 GO1-hopma, a cymiinbHa TuTiBKa € IBOX(a3HO, TOOTO MICTHTH 00MIBA
BizioMi roiMopdu. PerTreHonudpakiiiitHiM MEeTOIOM BCTaHOBIIEHO, 1110 TUTiBKH TAA Maim miepeBax-
HY OpIEHTAIIII0 KPUCTAIITIB (TekcTypy) miomuaoro (100), mapanensHoro 1o miakiaaake mis G-popmu,
1, BigmoiaHo, wioruHO0 (002) mst GO1-hopmmu.

KuarouoBi cioBa: opraHiyai HamiBIIPOBITHUKY, TOHKI TUIIBKH, nuOeH30TeTpaasa[l4|anyneH, moiti-
MOpPdi3M.
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INTRODUCTION

At the present time there is a great interest for
development of molecular (organic) electronics
(ME), based on using of various organic
molecular materials for creating electronic
devices. ME is now often referred to as the
next-generation electronics that will enable to
implement a number of significant advantages
over the traditional electronics based on the
using of inorganic materials, the main of
which is Si. The main advantages of organic
materials and electronic devices based on it
are: solubility in many solvents, the possibility
for a relatively simple and inexpensive
manufacture of flexible elements on the large
area, opportunities for obtaining materials with
desired electronic properties by purposeful
synthesis or physicochemical modification of
already synthesized materials, environmental
friendliness etc. [1, 2].

One of the main problem which influence
on the successful development of the ME is the
creation and comprehensive study of molecular
materials with the desired properties (semicon-
ductors, conductors, dielectrics). During cre-
ation of the active functional elements of ME
(diodes, transistors, sensors, a variety optoelec-
tronic devices and so on) the mobility of current
carriers is the most important properties of used
molecular organic semiconductors.

Organic semiconductors (OS) are now
divided into two large groups. The first of them
is OS with high molecular weight (polymer,
1. e., forming a long chain polymer). The second
one is OS with low molecular weight, which
based on the individual molecules (often called
as a «small molecule organic semiconductorsy),
and can contain from tens to hundreds of atoms
[3]. Now the majority of experiments have
been performed with polymeric OS and they
are much better investigated than OS based on
the individual molecules [4]. A large number of
different polymeric OS have been synthesized
and investigated, so as a result the impressive
results about mobility of carriers in them have
been achieved. In the work [5], for example
in polymeric OS based on modified fragments
polypyrrole the mobility of holes with value
about 12 cm? V! s have been achieved. This
carrier mobility is already comparable to the
mobility of carriers in amorphous silicon films

(13 cm? V! s71), which is now becoming more
widely used in electronics, in particular, for
creating thin-film transistors [6].

The molecules with different atomic com-
position and molecular structure which can
form a solids, including thin films with differ-
ent crystal structure are synthesized and used at
the creation of organic semiconductors. Special
interest of researchers cause the low-molecular
organic semiconductors based on the molecules
with macrocyclic structure, for instance such as
phthalocyanine (Pc, Fig. 1) and dihydrodiben-
zotetraaza[14]annulene (TAA, Fig. 2).

Fig. 1. Phthalocyanine
Y
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Fig. 2. Dihydrodibenzotetraaza[ 14]annulene

Due to the nature of its molecular structure
and the existence in closed macrocyclic
structures the so-called macrocyclic effect, the
OS have a high thermal and chemical stability,
n-conjugated electronic system as well as good
sensitivity of electrical properties for various
parameters of chemical and physical nature. This
provides wide opportunities of their application
for creation of various micro- and nanoelectronic
devices, where they are used usually as thin
films that can be deposited by various methods.

A characteristic feature of the molecular
crystals, especially in the thin film state is the
polymorphism, i.e. the existence at least two
(and often more) different crystalline phases
formed by molecules of the same substance in
the solid [7]. This is due to the weak intermo-
lecular forces (Van der Waals forces) that exist
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between the individual molecules in a molecu-
lar crystal, from which a crystal is formed. The
phenomenon of polymorphism in thin films of
molecular crystals appears more frequently than
in the crystals obtained by different other meth-
ods, in particular during crystallization of mono-
or polycrystals from the solution. The stable or
quasi-stable coexistence of several polymorphic
phases is possible in thin films. This is due to
significant influence of the substrate on the pro-
cess of film condensation and the formation of
crystalline phases in it [8]. The treatment after
condensation of thin films significantly influ-
ences on the phase composition of films [9].
At the same time, it was repeatedly found that
the phase composition of the films (polymor-
phism) has a significant effect on their different
physicochemical properties, in particular on the
movement of charge carriers in them [10], which
will determine the main characteristics of the
electronic devices that are based on these films.

The phenomenon of polymorphism and its
influence on the properties of devices based on
phthalocyanine films and its metal complexes
have been studied for a long time and it is
now well known about close relationship
between the phase composition of the films
and characteristics of the devices based on
them [11-16]. Until recently the TAA (Fig. 2)
and materials based on it have been studied
and used mainly in chemistry, medicine and
pharmacology, however, in the last few years
the study about application of this OS in
engineering and electronics has intensified
significantly. Chemical gas sensors, thin film
transistors, compact discs etc. based on TAA
have already been created. Questions concerning
the properties and using of substances and
materials based on TAA was highlighted in our
review [17], but now there is a new interesting
publications relating to the study of magnetic
properties and applications of such materials
for spin filters creation [18-21]. The search
that aimed for creating new compounds based
on TAA molecules is continuing also [22]. This
opens new perspectives for using this OS in
actively progressive now spin electronics and in
other fields of electronics. However, the question
about the polymorphic composition of the TAA
films currently remains practically not studied.
It should be noted that in publications relating

to the development and research of various
devices based on TAA and its metal complexes,
in particular, field-effect transistors [23], gas
sensors [24, 25], compact discs [26], spin filters
[18-21] the phenomenon of polymorphism in
TAA and its derivatives and its influence on the
characteristics of the devices were not analyzed
also.

The aim of this work is a review of available
scientific publications relating to crystal
structure, in particular, polymorphic composition
of TAA films and some of its derivatives as well
as presentation of author’s own experimental
results on subject.

A REVIEW OF INFORMATION
RELATING TO THE TAA CRYSTAL
STRUCTURE AND SOME OF ITS
DERIVATIVES IN THE ORIGINAL
(POWDERED) STATE

For unsubstituted metal-free ligand of
TAA (C H N,) according to the data from
Cambridge Crystallographic Data Centre,
it is known two polymorphous modifica-
tions with monoclinic lattice. They are reg-
istered in the database as — «GAGVAL» (is
briefly denoted by G) and «GAGVAL 01»
(is denoted by GO1). The main structural pa-
rameters of TAA and some of its derivatives
obtained by different authors from the XRD
results are given in Table 1. The TAA crystals
that were grown by the slow sublimation of
substances in vacuum have a polymorphic G
form [27]. The samples crystallized from a so-
lution of the substance in xylene have a poly-
morphic GO1 form [28]. The question about the
thermodynamic range of stability for each of
these forms and their interconversion are still
unclear. However, we can assume that both these
forms are stable enough under normal con-
ditions, because the authors [27, 28] have
performed X-ray investigation of samples at
room temperatures and atmospheric pressure.
Noteworthy, there is marked difference in the
unit cell parameters between polymorphic
G and GO1 forms (Fig. 3) along with a very
small difference of their volumes (the volume
of the G-shape cell is greater than the volume
of the GO1-shape cell approximately by 1.5 %).
Ni(II)TAA and Co(II)TAA metal complexes
have the same monoclinic crystal lattice as the
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Table 1

The structural parameters of TAA and some of its derivatives, taken from the literature

Parame-
e Composition Crystal ters of unit | Angles, deg. Molecular Ref.
system cell, A a, B,y formula
a, b, c

1 G 1;1" é\é AL monoclinic 13:24912 3(5),93 C H,N, [27]
« ” 14,915 90

2 GA ;}FéAAL 01 monoclinic 1?:29324?2 1?8,195 CHN, [28]
« ” 19,570 90
19,456 90

3 Ni(IT) TAA monoclinic 5,228 112,28 Ni(C,H N, [29]
14,368 90
19,52 90

4 Co(I) TAA monoclinic 5,228 112,46 Co(C H N,) [29]
14,84 90
6,986 90

5 | Co(Ill) TAA CN | orthorhombic 14,662 90 C,H, ,N.Co [30]
15,537 90
20,245 90

6 Ni(II) TAA T, orthorhombic 13,416 90 Ni(C ;H, N,)L [31]
6,418 90
20,452 90

7 Pd(Il) TAAT, orthorhombic 13,430 90 Pd(C H N)L [31]
6,499 90

=l Ve

4\

3

—

form G

form GO1

Fig. 3. Unit cells of G and GO1 polymorphic forms of TAA

G and GO1 polymorphous modifications
[29] and, although their crystals were grown
by sublimation in a vacuum they were isomor-
phic to the obtained by crystallization from
solution GO1 TAA form. Derivatives of
TAA metal complexes (Co(III)TAACN
[30], Ni(II)TAAL, and Pd(II)TAAI, [31])
which obtained by introduction of CN-

group ion coordinated with Co(IIl) or by io-
dination of molecules on their periphery form
a crystal lattice with rhombic symmetry.
This is due to changing of steric conditions
for dense packing of modified molecules in
the lattice and it correlates well with results
how iodine influences on the NiPc crystal struc-
ture [32].
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OPTICAL AND X-RAY DIFFRACTION
STUDIES OF TAA IN THE INITIAL
POWDERY STATE

The original TAA powder which is then used
for thermal evaporation and deposition of thin
films have been synthesized at the Department
of Organic Chemistry of V. N. Karazin Kharkiv
National University by Prof. Orlov V. D. and
Prof. Kolos N.N. according to known chemical
methods [33, 34]. The synthesized TAA mate-
rial was further purified by recrystallization in
organic solvents and its UV spectra are well cor-
relate with data from literature. At the optical
microscope study of the obtained TAA powder
we have observed the presence of crystals in
two distinctive forms — plates with the rhom-
boid forms and bricks with elongated shape. The
micrograph of one of the observed in optical mi-
croscope fragments is shown in Fig.4.

Fig. 4. Micrograph of TAA crystals in the original powder

Phase composition of initial powder and films
of TAA was determined using X-Ray diffraction
studies. The diffraction pattern of initial TAA
powder is shown in Fig. 5. The XRD measure-
ments were performed with help of DRON-3M
diffractometer in continuous recording mode
and with help of SIEMENS diffractometer in

Intensity, arb. units

JUM

0 10 20 30 40 50 60
20, degress

Fig. 5. Diffraction pattern obtained from initial TAA powder,
CuKo-radiation

discrete mode with a scanning step of 0.01 deg.
with CuKa-radiation.

For accurate identification of diffraction
pattern the computer calculation of the
diffraction peaks parameters (angle, 20, relative
intensity I, and the corresponding interplanar
spacing, d,,) for the two polymorphic TAA
forms («<GAGVAL» and «GAGVAL 01») was
performed (see Tab. 1). The calculation showed
that in the angles range 20 < 60° for each of
the polymorphic modifications more than 400
of permitted reflections exist. The results of this
calculation for a number of the strongest reflexes
are given in Tab. 2.

The analysis of the powder diffraction pat-
tern using the data from Table 2 confirmed the
presence of both polymorphic modifications
in the initial powder. Confirmation of this is in
particular that G-polymorphic form character-
ized by the presence of two closely located dif-
fraction reflexes at 260 = 9.768 degrees (relative
intensity — 50.2 %) and 20 = 10.217 degrees
(27.5 %), while GO1-polymorphic form in
this angular range has only one reflex at 26 =
9.755 degrees (100 %). At the same time, GO1-
polymorphic form has the reflexes of reflection
in the diffraction pattern in 20 angular range
from 15 to 16 degrees, but G-form in this angu-
lar range has no reflexes.

X-RAY STUDIES OF TAA THIN FILMS

The TAA thin films were prepared by
thermal sublimation and condensation of the
substance of the OS in a vacuum (at pressure
~107% Pa) with help of VUP-5M setup. Resistive
effusion type evaporators have been used.
Mandatory requirement for obtaining qualitative
films that do not have visible inclusions was
very slow temperature rise of the evaporator,
which was achieved by fine adjustment of power
supplied to the evaporator. The film thickness
was regulated by weight of sublimed substance
or duration of the period of open shutter position.
Monitoring the thickness of thin films was
carried out by a quartz resonator and additionally
determined by their optical transparency. As
substrates for deposition of films we used
standard microelectronic substrates such as
polished glass ceramic, alumina ceramic,
optical glass and the KBr, LiF, NaCl plates (for
spectroscopic measurements). The substrate was
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Table 2

The results of computer calculation of XRD reflections for TAA (CuK -radiation)

G-form GO01-form

h k|1l | 20,deg. | I,% | d,, A h k ) 20, deg. I, % d,, A
1 0160 9,768 50,2 9,047 0 0 2 9,755 100 9,060
0 1|1 10,217 27,5 8,650 2 0 0 12,801 9,2 6,910
1 1|1 14,575 37,9 6,072 | 2 0 2 12,835 6,7 6,891

1 012 16,203 5,0 5,466 2 0 1 15,341 42,7 5,771
-1 1|2 16,839 7,7 5,261 | 2 0 3 15,398 36,8 5,750
2 00 19,608 24,1 4,524 0 1 1 17,623 8,4 5,028
-1 2 11 19,936 4,5 4,450 2 0 2 18,851 5,5 4,704
0 212 20,517 100 4325 | 2 0 4 18,921 7,1 4,686
-1 212 22,222 12,5 | 3,997 1 1 1 19,391 6,1 4,574
2 1|1 22,706 144 | 3,913 0 0 4 19,581 51,4 4,530
1 1 (3 22,923 18,3 | 3,876 2 1 0 21,278 50,4 4,172

1 212 23,304 743 | 3,814 | 2 1 2 21,299 48,8 4,168
-1 213 25,764 8,2 3,455 2 1 1 22,920 72,5 3,877
1 014 26,884 9,9 3314 | 2 1 3 22,959 72,8 3,870

1 213 27,173 83,0 3279 | 3 1 1 24,785 8,5 3,589
-1 3 (2 29,145 4,3 3,061 2 1 2 25,439 7,3 3,498
-2 01 4 29,500 5,2 3,025 | 2 1 4 25,492 7,9 3,491
1 3 (2 29,993 7,1 2,977 3 1 0 25,742 5,4 3,458

1 2|4 31,782 3,1 2,813 4 0 0 25,765 11,1 3,455
1 3 (3 33,144 11,9 2,701 -3 1 3 25,781 52,7 3,453

1 411 35,823 3,5 2,505 | 4 0 4 25,835 11,5 3,446
3 2 (3 40,298 6,9 2,236 2 0 4 27,294 5,7 3,265
—4 012 40,440 3,8 2,229 | 2 0 6 27,377 5,4 3,255
-1 2|6 40,493 4,5 2,226 3 1 1 27,575 58,9 3,232
—4 1|3 43,032 3,0 2,100 | -3 1 4 27,637 18,5 3,225
2 415 51,575 3,2 1,771 3 1 2 30,138 8,0 2,963
-3 1 5 30,218 23,0 2,955

arranged normally to the molecular flow. In all
processes the substrate is not specifically heated
and substrates temperature was 7 ~ 25 °C
and the increasing in their temperature due to
radiation heat from the evaporator and molecular
flow does not exceed more than 30 °C.

The diffraction pattern of the TAA film with
a thickness about ~400 nm which condensed on
a non-heated polished substrate from glass ce-
ramic is shown in Fig. 6. As we can see from
diffraction pattern the TAA film that condensed
on an amorphous substrate without any oriented
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sublayer has quite perfect crystallographic tex-
ture, i. e. the preferred orientation of particular
crystal planes relative to the film substrate. The
presence of only two strong peaks in its diffrac-
tion pattern (peak 1 at 206 ~ 9.77° and peak 2
at 20 ~19.61°) is evidence about it. The ratio
sin 0,/sin0, for these peaks is equal two and
it is reasonable to suppose that these reflexes
are first and second order reflections from one
system planes of crystal. The ratio of the inten-
sities of these reflexes also confirmed this con-
clusion. Table 2 shows that these peaks can be
either reflections from (100) and (200) planes of
G-modification, or (002) and (004) of GO1 —
modification of TAA. For refinement the ques-
tion of which of the polymorphic TAA forms (G
or GO1) belongs to these peaks, the diffraction
pattern was recorded in the continuous recording
mode with a minimum speed of movement of
the detector (1/32 deg./min). This slow registra-
tion of XRD pattern allowed to detect a signifi-
cant modification of the profiles of these peaks
and the appearance of noticeable asymmetry
of the peaks recorded for thicker films. It was
manifested for both peaks recorded from tex-
tured films, but for second order reflection peak
this feature was more pronounced. The profiles
of X-Ray diffraction peaks that recorded in the
range of angles 20 ~ 19-20 deg. for films with
various thicknesses and for initial TAA powder
are shown in Fig. 7.

Intensity, arb. units

S | | SESSSEGY

0 10 20 30 40 50 60
26, degrees

Fig. 6. Diffraction pattern obtained from TAA thin film,
CuKao-radiation

As can be seen from fig. 7 the profile of
X-ray diffraction peak that recorded from the
thinnest investigated film (100nm) is sufficiently
symmetrical, but with increasing of film thickness
in it from the side of smaller angles the pronounced
asymmetry appears and the maximum of peak
slightly shifts also to smaller 26 angles.

19 20, 19 2019 2ogj\_29‘
A B c D

Fig. 7. The profiles of X-Ray diffraction peaks that recorded
in the range of angles 20 ~ 19-20 deg. for films with various
thicknesses and initial TAA powder (A — 100 nm, B —
400 nm, C — 1500 nm, D — initial powder)

The observed changes in the profiles of the
peaks with increasing the film thickness and in
fact its separation in thicker films into 2 close
peaks are well explained by the following. Since
the initial TAA powder as shown above is two-
phase (it contains both polymorphs of TAA — G
and GO1), therefore we can see the total peak on
the diffraction pattern of powder, which is the
result of superposition closely spaced peaks and
instrumental unresolved peaks from (200) planes
of G-modifications (26 = 19.608°) and (004)
planes of GO1-modifications (260 = 19.581°).

It is assumed that during film condensation
from steam flow a certain way primarily only
one of the polymorphic modifications oriented
relative to the surface of the substrate is formed
initially. Therefore, the observed X-ray reflec-
tions peak from the thinnest of the investigated
films is most symmetrical (Fig. 7A). Upon fur-
ther condensation in the final stage of continu-
ous film formation when there is an overgrowing
of «channels» and «filling» of voids and sub-
sequent growth of a continuous layer the con-
ditions of condensation and the crystal growth
change significantly.

This can lead to the randomly oriented
crystallites formation with already existing
modification as well as other polymorphous
modification. Another polymorphic modification
makes new X-ray reflection peaks which are
slightly displaced relative to the peaks of the
already existing phase. This is manifested
in experimentally observed shift of angular
position of the total peak and in occurrence of
its asymmetry (Fig. 7 B, C).

Since at increasing of thickness of film the
top of a joint peak shifted towards smaller angles
and on the same side the asymmetry appears
this leads to the supposition that in the first
stage of film condensation the G-modification
mainly forms (it gives a primary peak at 20 =
19.608°) and at later stages of condensation the
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GO1-TAA modification will also forms (it adds
two closely located peak at 260 = 19.581° and
20 = 19.391°). In thicker films the randomly
oriented crystallites also possible form giving
new weak peaks at other angles 20.

The reason that the G-polymorphic
modification of TAA mainly formed at the initial
stage of film condensation can be explained
on the basis of thermodynamic approach
in the following way. In any mechanism of
condensation of thin films the first step in the
crystal formation is nucleus formation with
crystalline phase. It is clear from total energy
considerations that the nucleus formation
with new phase is more difficult than with
a large change in free energy it is associated.
Therefore the nucleus of crystal will arise and
increase till to critical size more easily with
shape and modification (in case of polymorphic
modification) for which the difference between
free energies of crystal and initial phase will
be minimum. This postulate follows from the
thermodynamic theory of nucleation, which is
based on the idea that the critical nucleus must
have minimum free energy.

The volumes of the unit cells of G and
G01 — polymorphic TAA modifications
(V, and V) differ very slightly, (V, =
1436.0 A3, V_, = 1415.632 A%, i.e. V, =
0.986 V). However, the total area of all unit
cells surfaces of these polymorphic forms differ
significantly (S~ 781.22 A2, Scor = 899.08 A2,
i.e. S, = 1.151 S_). This is clearly seen from
the comparison of the geometric dimensions
of unit cell parameters of the considered poly-
morphic TAA modifications (see Fig. 3). This
peculiarity plays a decisive role in the fact that
at the initial stage of condensation, i.e. when on
the free surface of the substrate the nucleus of
crystalline phase begins to appear the nucleus
of G-modification mainly forms and grows to
a critical size. It is energetically more efficient
at this stage.

However, the process of nucleation is proba-
bilistic. If at the initial stage of condensation the
formation of G-modifications is energetically
more favorable (and hence more probable) in
the subsequent stages of condensation many
factors influencing on the formation change
significantly. Therefore, the occurrence of such
conditions in local areas of substrate is possible

because it is energetically more favorable and
probable for formation of GO1-modification and
consequently it will be formed in the film, that
we have observed in this study.

CONCLUSION

Polymorphism and texture may significantly
affect on the electronic properties of thin films
of organic semiconductors in organic electronic
devices. Therefore, it is important to study the
crystal structure and phase composition of thin
films and determine the conditions for film
deposition and as a result one or another crystal
structure and polymorphic form will be formed.
This work is the first study on polymorphism,
which may occur in powder and in thin TAA
films. The results of this study showed that the
initial TAA powder synthesized by chemical
methods are both now known polymorphic forms
of TAA which were registered at Cambridge
Crystallographic Data Centre as GAGVAL and
GAGVALO1 (denoted by G and GO1). It was
also found that at the condensation of thin films
G-form initially formed while after increasing
the film thickness the GO1-form will forms
also and a continuous films have two-phases
and contain both known polymorphs — G and
GO1. The X-ray diffraction pattern indicated
also that crystallites in thin TAA films show
a strong preferred orientation (texture) with the
(100) plane (for G-polymorph) and (002) plane
(for GO1-polymorph) parallel to the surface
of the substrate. This texture was observed in
all thin TAA films, which were deposited on
various non-heated polished substrates without
any oriented sublayer — glass ceramic, alumina
ceramic and optical glass.

This work was partially funded by the topic
of science research, funding by Ministry of
Education and Science of Ukraine, the state
registration number 0115U003165.
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