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Abstract

Multilayer organic and inorganic systems of thin solid films are widely used in novel optoelectronic devices. The required
properties of the system depend on the morphology of the films and transition zone at interfaces. We studied the formation of
deposits of fluorinated azo-dyes, polymethine, merocyanine and sulfur-terminated organic compounds (STOC) by evaporation
and condensation in vacuum. The films were deposited on glass, silicon (Si), gold (Au) and polytetrafluoroethylene (PTFE)
substrates. The influence of dye chemical structure and substrate on deposit morphology was studied using atomic force
microscopy (AFM). Depending on the ratio between thermodynamic and kinetic processes, islands, crystalline aggregates
or nano-structures were obtained. A difference in the morphology of the same dye solid, but deposited on various substrates
was detected. Changes in the dye end or side groups caused variation in the morphology of the dye solid film. STOC formed a
smooth film on the Au surface, while on the glass and PTFE it formed various islands. Thin films of the dyes in PTFE matrix
exhibited unique stability to action of external factors. A new type of evaporable dyes with unsaturated reactive bond at the
end was synthesized. Using new evaporation—activation—polymerization methods, the films with enhanced hardness and
thermal stability were prepared from new dyes. Several dyes formed nano-micro-wires during the self-assembly process, in
some cases between two neighboring Au strips. Adjusting the structure of the molecule by changing the end groups allows

purposeful control of the deposit morphology on the selected surface.

1 Introduction

Organic functional compounds (dyes) have been studied for
their use in organic light emitting diodes and organic field
effect transistors, integrated optic and photonic devices,
solar energy converters, etc., since the end of the 20th cen-
tury. The desired optical properties depend on the chemical
structure of the chromophore that is attained during its syn-
thesis. The research was started from the deposition of dye
thin films in vacuum [1-3], testing evaporability of the com-
pounds. The knowledge obtained was applied to the expla-
nation of growth processes [4—7]. The backgrounds of for-
mation of the organic solid are necessary for production of
the thin films with predetermined properties. The dye mol-
ecule has a complex shape and complex three-dimensional
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distribution of electron density. This peculiarity leads to
the formation of different dimers and higher aggregates in
the organic solid. Different aggregation states have a low
energy of transformation between them, so deposition con-
ditions play an important role in formation of morphology
of the solid film. The researchers used for modeling of
deposit formation well known “model”—symmetric com-
pounds like 3,4,9,10-perylenetetracarboxylic diimide, [5-9]
or the rod-like hexaphenyl [10]. Based on physical forces
between molecules and known modes of organic deposit
formation (layer-by-layer: Frank-van der Merwe, layer plus
island: Stranski—Krastanov, islands: Volmer—Weber), the
dimer and larger unit formations for “model” compounds
on “model” substrates (mica, Au, NCI, etc.) were simu-
lated together with experimental investigations. Recently,
the growth of deposit from the compounds used in industry
(Alqs;, pentacene) in multilayer systems was studied [11].
During solid formation, due to concurrent influence of the
kinetics and thermodynamics, the amorphous or crystalline
films, as well as non-continuous units like islands, wool,
nanowires can be formed [6—16]. Sometimes the ability of
molecules to form organized domains is necessary, while
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in other cases when a smooth uniform film is required, this
ability should be avoided. Therefore, understanding of how
to control the production of a smooth thin film or nanosized
islands and nanowires with predetermined optical properties
has been recognized as important scientific knowledge. The
self-assembly method was designed to produce the organic
deposits with required morphology on the surface of the
predefined domains. The nanowires are the new functional
units prepared by this method [13—17]. But for self-assembly
the molecule has to have different sticking probability on
the various materials of the chip. The production of the ori-
ented organic films by deposition in vacuum using hydrogen
bonding between molecules was reported [18]. But only a
few studies were found on the formation of the deposit mor-
phologies of evaporable asymmetric dyes on solid surfaces.
Researches on the applications of the control of the organic
functional layer morphology in novel devices continue,
showing the importance of this scientific direction [19, 20].

The paper reports research on morphology formation for
organic solids by varying the structure of molecules and
substrate materials. The new dyes and technologies for pro-
duction of the thin solid films with required morphology
have been designed.

2 Experimental details

Fluorinated azomethine compounds (DP16 and DP21) and
azo-dyes (DPO1, DP03, DP04, DP05, DP06, DP13, DP17)
were synthesized at TH Wildau as described in [21, 22].
Azo-dye DP14 contains the azomethine group as well. The

formulae of fluorinated azo-dyes and azomethine dyes are
presented in Table 1. Merocyanines, STOC and polymer-
izable dyes were synthesized at the Institute of Organic
Chemistry, Kyiv. They were the bases of asymmetric mono-
methine cyanine derivatives of benzo[c,d]indole and other
donor—acceptor compounds. Synthesis and properties of
unsymmetrical monomethine merocyanines 2400-2406
from Table 2 have been described in [23]. These dyes can
be considered as donor—acceptor compounds where the
acceptor is benzo[c,d]indole residue. Their molecules are
not planar, but due to w-stacking they can form dimers. The
compounds 7476-7497 are the merocyanines. Their synthe-
sis and properties are described in [24, 25]. The molecules
contain bulk zert-butyl groups reducing the possibility to
form dimers of a “sandwich” type in solid.

The structures of conjugated STOC containing thio-
carbonyl terminal groups are presented in Table 3. Their
structure is donor-(n-system)-acceptor-sulfur. These com-
pounds were prepared on the basis of rthodanine (2-thiox-
othiazolidin-4-one) as described in [26]. Polarization and
the dipole moment values of these compounds are defined
by the electron-donor fragments of the molecules. Table 4
shows the compounds that formed nanowires during deposi-
tion in vacuum.

Three-dimensional structures of the molecules and dimers
were calculated using Gaussian 09 software. The deposits
were produced using upgraded UVN-74 vacuum installation.
The starting pressure in the chambers was 107> Pa. The dyes
and Au were evaporated from thermally heated crucibles.
The optical spectra of the growing film were recorded in situ
using StellarNet and Polytec spectrometers. Depositions on
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rotating glass disc were finished, when the deposit transmis-
sion reached approximately 50% at absorption band maximum.
The PTFE films were deposited by decomposition of PTFE
pellets and activation of the gaseous products with acceler-
ated electrons. Details of the PTFE deposition can be found
elsewhere [27]. The dyes were deposited on Au, glass, Si and
PTFE surfaces simultaneously in one run. The morphology
of the deposits was studied by the atomic force microscope
(AFM) Nanoscope I1Ia Dimension 3000™ operated in a tap-
ping mode at ambient conditions. Nanomechanical properties

were estimated using the Nanoindentation option of AFM
force spectroscopy technique (force—distance curves). Opti-
cal spectra during films annealing in air were recorded using
a mock-up equipped with a Polytec spectrometer.
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Table 3 Structure of the sulfur-terminated organic compounds
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Table 4 Structure of the compounds that produced nanowires
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3 Results and discussion

3.1 Morphology of the deposits of fluorinated azo-
and azomethine dyes

The deposits of all the dyes were grown on glass with
no transformations of optical spectra with film thickness
increasing. The absorption bands of the deposits were
located around 360—400 nm and represent widened bands
of these dyes in solution [28]. Figure 1 shows morphol-
ogy of the deposits. Depending on the dye chemical struc-
ture, variations in the deposits’ morphology were found.
Relatively small molecules Dp04, Dp05, Dp06 and DP13
formed islands of various shapes. Dp05 formed small

round aggregates. Molecules of this type, however, with
larger side or end groups formed bigger aggregates. Dp17
formed a non-continuous deposit consisting of connected
aggregates with the size of about 2 pm. DpO1 formed a
film composed from crystal-like aggregates of several
micrometers in length and half micrometer in height. Dp03
formed a structure like DpO1, but aggregates were wire-
like shaped up to 3 micrometers long, about 1 pm wide and
densely packed. This morphology modification was caused
by changing the end group —CF; in perfluorinated benzene
ring in Dp01 molecule with -NC group in Dp03 molecule.
Dp21 formed a discontinuous mesh of nanowires together
with “bulk” domains. Dp14 formed a “brush” of nanowires
up to 500 nm long. This was due to a larger end group in
Dp21 molecule and the largest one in Dp014 molecule.

Fig. 1 Morphology of fluorinated azomethine dye deposits: a Dp01, b Dp03, ¢ Dp21, d Dp14, e Dp04, f Dp06, g Dp13, h Dp16, i Dp17
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Dp17 formed a continuous deposit but with through holes.
The deposit was composed from units with sizes close to
3 pm and aggregated in larger connected units. The change
of the azo group in the center of Dp17 molecule with the
azomethine group (DP16) led to the formation of a more
smooth film with classic terraced aggregates. These exper-
imental data can be used for prediction of the morphology
of solid deposits of other molecules of this type.

3.2 Morphology of the deposits of the merocyanine
dyes

Figures 2, 3, 4 represent the morphologies of various mero-
cyanine deposits, grown on the glass and the PTFE surfaces.
The deposit morphology is dependent on the dye chemical
structure, on the substrate material and on the deposition
conditions as well [28-30]. The 2400 dye formed aggre-
gates with sizes up to several micrometers on the glass
surface. This dye formed the smaller aggregates with size
100-200 nm including elongated ones (up to 500 nm) on
the PTFE surface. The dye 2406 formed drops on the PTFE
and organized structures like dendrites on the glass. The
dye 2401 formed film with aggregate size of about 40 nm
on the glass and more rough film on the PTFE. The dye
2495 formed dendrites up to several pm length on the glass,
while on the PTFE it formed continuous film with aggre-
gates diameter about 300 nm. The dye 2427 formed film on
the glass with aggregates size of about 300 nm, while on the
PTFE film had many holes. The dye 2496 formed continuous

film with needle-like dendrites (7 pm X400 nm) on the glass,
while on the PTFE it formed discontinuous deposit with
organized structures in some domains. Figure 2f is like an
image of a surface of polymethine film presented in [31],
consisting of herringbone type of molecular arrangement.
The similar herringbone structure also can be suggested for
the films 2406 and 2496 on glass.

The optical transmission spectra of merocyanine films
obtained during their growth showed that many films grew
in a stable mode, while several compounds had optical trans-
formation with increasing deposit thickness. The structure
rearrangement with film thickness growth was detected for
several compounds [12, 17, 28]. The most vivid influence of
the substrate material and film thickness on morphology was
found for the dye 2403. The 2403 deposit formation on glass
began with a continuous film consisting of aggregates with
the size of up to 500 nm. This film exhibited a wide absorp-
tion band positioned nearby a monomer band (Fig. 3d, red
curve). This spectrum corresponds to the amorphous film
structure. The thicker film consisted of round units empty
inside (diameter 600 nm, height 60 nm). This film exhibited
two absorption bands which shifted to long waves (Fig. 3d,
green curve). The thickest deposit on glass with the spec-
trum consisting of two long wavelength bands had large
worm-like aggregates (5 micrometers long, 400 nm wide,
height 140 nm), composed from joined small units. On the
PTFE surface, the more smooth film was formed at an initial
stage, but with the increase in film thickness the nanowires
were formed on the film. No optical changes during 2403

Fig.2 Morphology of merocyanine deposits: a 2400, b 2401, ¢ 2406 all on the PTFE; d 2406, e 2400, f 2495, g 2496 all on the glass; h 2496 on

PTFE; b and e reproduced with permission from Grytsenko et al. [28]
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Fig.3 Morphology of the merocyanine 2403 films. a—c possible
dimers of dyes, a parallel dimer, b X-type dimer, ¢ V-type dimer; d
optical transmission spectra recorded during deposit growth on glass,
vertical line shows monomer absorption; e thin dye film, j thicker
film, k the thickest film, all on glass; h dye film on PTFE; inserts

film growth on PTFE were detected. But no spectrum was
taken from a single nanowire.

Transformation of the optical spectrum during deposit
growth suggests changes in aggregation and/or molecular
orientation relative to the substrate surface. The formation
of dimers and higher aggregates of merocyanine compounds
was modeled in [32]. Strong inclination of the merocyanine
dyes to form dimer-based aggregates was shown. Calculation
of the aggregation of merocyanine molecules made in [30]
and recently extended in [33], we consider to be suggestive,
which require verification by experimental measurements.
Various aggregates can be formed in dependence on the mol-
ecule structure. Deposit formation of 2400 and 2401 dyes
started from dimers. Modelling showed that the molecules
in the dimer are parallel to one another (Fig. 3a). The dimers
tend to create higher aggregates as stacks. The thin deposit
of 2403 dye consisted of molecules in monomeric state,
the dimers and aggregates were formed with the film thick-
ness growth. The presence of sulfur atoms led to a decrease
in the magnitude of dipole moment of 2403 molecule and
changed its direction relative to the chromophore. This
dipole momentum is in the plane of the chromophore but at
some angle to the main axis, which leads to the formation
of another type of dimer. The V-shaped dimers can cause
a shift of the absorption band of the film in the long wave-
length region and to the formation of two close absorption
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show magnified images of morphologies. The color lines in the
images e, f, g show which spectrum in d corresponds to the morphol-
ogy in the image. a—c¢ Reproduced with permission from Sieryk et al.
[30]. d Reproduced with permission from Grytsenko et al. [28]

maxima in the spectrum. In [33] the authors stated that 2403
molecules formed J-aggregates in the film due to a non-
planar shape of the molecule, but no reliable explanations
except the film optical spectra were presented. Esteban [34]
showed that changes in the structure of several merocya-
nine molecules led to formation of deposits with different
morphologies on Si/SiO,/AlO, substrates modified with
n-tetradecylphosphonic acid layer. These dyes displayed
an almost planar n-scaffold, where the donor and acceptor
units are slightly twisted out of the plane, with torsion angles
varying from 3° to 15°. The arrangement of molecules was
divided into three types: (1) centrosymmetric dimer with
no m-contact to the neighboring molecules, (2) stack of
slipped antiparallel dimer units featuring n-overlapping
with the neighboring molecules, (3) molecules with equi-
distance to the upper and lower neighbor in a staircase-like
conformation. Near the one stair, the next stair is formed
with the oppositely directed dipole moment. This is a her-
ringbone type arrangement. Liess [35] continued the study
of structure—property relationships in solid films of new
merocyanine dyes. Different morphologies were formed on
substrates modified with a layer of n-tetradecylphosphonic
acid, depending on the chemical structure of the molecules.
X-rays and selected area electron diffraction were used to
determine molecular packing in the films. The packing of
the molecules is governed by long-range dipole—dipole
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interaction. This leads mainly to antiparallel packing of the
molecules. The three-dimensional shape of the molecule
also influences molecular packing. The author pointed out
that properly positioned bulky substituents prevent forma-
tion of isolated dimers and leads to the formation of a longi-
tudinally slipped dimer stacks. We studied the morphology
of solid films of merocyanine dyes of similar types, but with
a different chemical structure of molecules. Some features of
the merocyanine deposits can be explained by formation of
the dimers almost instantly during the molecules condensa-
tion. The merocyanine solid can contain dimers both in a
disordered state and in ordered stacked domains. The ratio
between non-stacked dimers and ordered stacks can be var-
ied with the molecule structure, material of surface and film
thickness. The formation of morphology on the macro-scale
(as compared to molecule and dimer sizes) is a more com-
plex task to explain. It should include both thermodynamics
and kinetics of the deposit growth.
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Fig.4 Optical spectra recorded during merocyanine deposits growth
and morphology of the deposits: a and b optical spectra recorded dur-
ing 7497 deposit growth on glass and PTFE, respectively, the vertical
lines show monomer absorption, ¢ structure of the 7497 molecule and
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The dye 7476 formed deposit with aggregates with a
diameter of about 600 nm on glass. From the dye 7477 to
the dye 7483 deposits became more continuous with smaller
morphological units. The structural units of the dyes 7496
and 7788 on glass are smaller than the units on PTFE.
The dye 7497 film on glass had aggregates about 0.5 pm
diameter and 7 nm high, while aggregates on PTFE were
0.2 pm in length, but 20 nm in height. The structure rear-
rangement with film thickness increase was found for 7497
compound. Two peaks at 625 nm and nearby 700 nm are a
feature of a 7497 thin film on both glass and PTFE (Fig. 4a,
b). These bands can be explained by the presence of the
amorphous phase and J-aggregates in the films. The dye
7497 showed a new short wavelength band of 575 nm on
glass with film thickness growth, whereas only monomeric
and long wavelength bands were present in the spectra of
the films on PTFE. H-aggregates were formed in the 7497
film with its thickness growth on glass (Fig. 4d), but not

d dimer; e-h and k morphology of the films 7476, 7477, 7482, 7483
and 7497, all on the glass; i (j magnified i) 7496 and 1 7497 on the
PTFE; a and b reproduced with permission from Grytsenko et al. [28]
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on PTFE. Molecules in dimers on glass formed a shifted
structure with the angle 37.5° between the centers of the
molecules [29]. Deposits of dyes 7482 and 7496 showed no
significant difference in the spectra on both glass and PTFE.
The spectra of the deposits of the both dyes have small split-
ting of the monomer band. The thiophene end group in dye
7497 instead of the benzene end group in dye 7496 leads to
formation of the H-aggregates on glass, which starts with
a certain film thickness. The changes in dimer formation
with end groups variation together with different substrate
type and condensation temperature were the explanation of
optical and morphological changes in the obtained films [28,
29]. The rearrangement of molecular orientation like that
described in [36] for sexithiophene molecules during film
formation also should be taken into account.

The substrate surface energy influences the morphol-
ogy and optical properties of the film. The general rule for
continuous film formation is that interaction of dye mol-
ecule with the substrate surface should be stronger than
molecule—molecule interaction, whilst for islands forma-
tion the rule is vice versa. But this is true only for the first
surface layer for continuous film mainly with Frank—van der
Merwe growth mechanism. The next layers grow without
direct influence of the substrate, but it is not equal to zero.
The structure of these layers is determined by competition
between order ignited by the first layer and equilibrium
structure of the dye solid. The ratio between dye—dye and
dye—surface interactions defines how far the dye structure
will be from the equilibrium one. A good example of the
deposit growth mechanism and structure rearrangement was
shown for pentacene: when the film thickness exceeds a cer-
tain level, the growth shifts from layer-by-layer mechanism
to the three-dimensional one and later to ordered structure
creation [11]. For perylene, the growth mechanism with
molecular rearrangement on different inorganic substrates
was shown in [9], starting with the first layer lying flatly on
the surface. The deposition rate was shown (modelling for
6P molecules) to be an efficient tool to shift the growth mode
from equilibrium to the non-equilibrium one [37]. The verti-
cal standing of a single molecule on substrate is possible, if
the interaction energy of molecule’s one end with the sub-
strate < evaporation energy < interaction energy of the mol-
ecule’s second end with the substrate. The smaller molecules
with low evaporation temperature tend to form islands and
discontinuous deposits [38]. Many small molecules formed
aggregates with the sizes close to optical resolution level.

The dye chemical structure, substrate surface energy, con-
densation temperature, and deposition rate are the factors
influencing both thermodynamics and kinetics of the deposit
growth. To some extent, the morphology can be controlled
by deposition conditions. The variation of the end groups in
molecules is an additional method to control morphology of
the merocyanine deposits.

3.3 Morphology of the sulfur-terminated dye
deposits

Going from knowledge derived from deposit growth studies
using “model” compounds (for example, [5—7]) and from our
experimental results obtained for asymmetric dyes, the idea
to design evaporable dyes exhibiting defined interaction with
selected substrate and tuned morphology was issued. The
sulfur-terminated dyes are suitable for selective interaction
with the gold surface. Au nanoparticles (NPs) functionalized
with organic compounds have been studied for photonics and
plasmon structures [25, 39], sensors [40—43], photovoltaics
[44], medicine [45, 46] and other interdisciplinary areas. But
this functionalization was made in a liquid phase. The evap-
orable STOC were designed and synthesized [26, 47-50].
Morphologies of the STOC deposits on glass, PTFE and Au
surfaces are shown in Fig. 5. The difference in morphology
on the same substrates and the degree of difference in mor-
phology on a variety of substrates is evident. STOC 7626
and 3179 formed discontinuous deposits with a different size
of “bricks” on glass, smaller units on Au and continuous
film with smallest aggregates on PTFE. Morphologies of
7627 deposits are similar to those of STOC 7626 on all the
substrates. STOC 3180 formed almost no deposit on PTFE,
islands on glass and continuous film on Au.

The other STOC formed smooth films on Au surface. On
glass surface separated “bricks” and particulated films on
PTFE were formed. Morphologies of STOC with the most
vivid differences of the morphologies on the various sur-
faces are presented in Fig. 6. The variations of the mor-
phologies on the different substrates are dependent on the
STOC structure. The STOC 3172 formed miserable debris
on the all the substrates.

Most of the deposits showed no optical transformations
during their growth on all the substrates. The deposit of
STOC 7587 showed optical transformations during growth
only on glass (Fig. 7). STOC 7587 and 7588 formed con-
tinuous film with no aggregates on Au surface at compara-
tively high-deposition rate of 1 nm/s. The deposit on glass is
composed of aggregates. The molecule of 7587 dye is more
polar, than the 7588 one, because of the higher electron-
donating properties of 1,4-dihydropyridine residue. X-ray
photoelectron spectra of 7587 deposit on Au showed the
presence of sulfur atoms both bound to Au and unbound
ones [26]. Therefore, part of the molecules was chemisorbed
on the Au surface.

STOC 3196 formed elongated aggregates like dendrites
(10 pmx 1 um X 250 nm) on the Au surface, but almost no
deposit on PTFE and drops with diameter about tens nanom-
eters on glass (Fig. 8). It seems that on PTFE and glass the
ratio between condensation and evaporation kinetics of 3196
dye was close to the equilibrium. The dendrites indicate
that molecules have high mobility on the Au surface, and
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Fig.5 Morphology of the
STOC deposits on different sub-
strates: a 7626, b 3179, ¢ 3180

Fig.6 Surface relief of the STOC deposits: a 3142, b 7587, ¢ 7588. For all images: x 2 pm, y 2 pm, z 20 nm
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Fig.7 Optical spectra recorded during 7587 growth on glass with
film thickness increase

dye—dye interaction was stronger than interaction of the dye
with Au. JB1-11 formed separated islands on glass, continu-
ous rough (heights about 100 nm) film on Au and nanow-
ires (1 pm X 150 nm X 150 nm) on the PTFE surface. The
deposit 3196 on glass had a split band with stronger peak
nearby 540 nm and the weaker one nearby 485 nm, while
on Au only 540 nm sharp peak was present. The deposits

Glass

T+ 5:

Fig.8 Morphologies of the STOC deposits: a 3196, b Jb1-11

of the Jb1-11 had the same spectra on glass, PTFE and Au.
Therefore, the same dimers were organized in different
macro-morphologies.

3.4 Multicomponent nanocomposite films
with PTFE matrix

It is known that dye-filled polymer films have enhanced stabil-
ity. Therefore, PTFE as the most stable and transparent in thin
film form polymer is attractive as a matrix for these dyes. The
PTEFE films filled with various dyes at different concentrations
were produced by co-deposition in vacuum [12, 37]. Optical
spectra of the films showed that usually dye molecules were
in monomeric state at small and moderate concentrations and
did not aggregate up to the dye decomposition temperature.
Figure 9 represents comparison of the dye 2403 in polypara-
phenylene sulfide matrix and dye-in-PTFE spectra during
annealing in air as the vivid example of the influence of PTFE
matrix on the film thermal stability. The film of the pure dye
was decomposed/evaporated at 110 °C. Films with the PTFE
matrix showed unique stability to action of all external factors
[51]. The properties of the dye-filled PTFE films cannot be
explained as the sum of dye and PTFE properties. Addition
of metal nanoclusters to dye + PTFE system enhanced thin
film sensitivity to aggressive gasses. The farther design of the

@ Springer



406 Page120f17

K. Grytsenko et al.

1007

-=-174C

----132C
—=-159C

----190C —--=177C
—-.=194C - 197C
-=-19°C - =-222C
—202C —266C

Fig.9 Optical spectra recorded 100 7
during annealing in air of the
polymer films, filled with dye = S~
2403: a dye in polyparaphe- =
nylene sulphide matrix, film, b K=
dye-in-PTFE 5809
£
w2
=
£
e NNy
60+
a

multicomponent thin films will be creation of self-organized
nanocomposites [52]. Formation of dye “fur”” around Au NPs
is possible, as well as formation of dye nanowires, which can
connect two Au NPs. Production of this complex film deserves
farther studies.

The dye-in-PTFE thin films are promising for optical
devices with enhanced stability. The following advance in soft
condensed matter technology was attained by design of the
new dyes, aimed for their activation in the gas phase (unsatu-
rated end bond selective opening) and consequent polymeriza-
tion on solid surface [53-55].

3.5 Evaporable dyes with a reactive bond at the end

For other than gold substrates, the compounds able to form
chemical bond with surface are required. Creation of the evap-
orable large reactive organic molecule needed special design.
These molecules should have the end group able to react with
the substrate surface. Such active molecules can interact with
each other producing a polymeric solid. It is known that only
a few homopolymers can produce films by macromolecule
decomposition and polymerization of active fragments on a
substrate surface [27]. Small molecules, mostly the monomers,
are “polymerizing” in a glow discharge, producing cross-
linked film with the structure not similar to macromolecules
in classic polymer. The evaporable molecules containing
chromophore with unsaturated bond at the end were designed
[53-56]. This end bond was not opened during evaporation,
but opened by activation in the gas phase or on the substrate
surface. To calculate the molecule was hardly possible due to
close values of the energies (E) of the C=C bonds in the mol-
ecule. The molecule must satisfy the following rule:

U activation action

Eevaporation < Eopen unsaturated bond < E all other bonds in the molecule

A lot of various molecules were designed, synthesized
and tested. Usually the unsaturated bond was opened during
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heating and produced polymer in the crucible. Ultimately
the satisfying compounds were found out. Started from the
first evaporable dyes with a double bond at the end [53, 54],
various compounds were obtained [55, 56].

Production of the organic films with optoelectronics
properties by plasma “polymerization” from standard mol-
ecules is not possible. When plasma treats molecule with
the size larger than monomer (chromophore), the molecule
is destructed in a random way with loss of its optical proper-
ties. Moreover, to ignite the plasma, it is necessary to pro-
duce conductive path in a gas, which leads to ionization
and decomposition of a part of the molecules. The phth-
alocyanine [57, 58] and merocyanine [59] compounds were
“polymerized” in plasma. The deposits were stable poly-
mers, but their optical absorption was reduced. Part of the
molecules was decomposed. Later dye molecules were sub-
limated and introduced in the glowing discharge in benzene
[60]. The authors reported that the part of the dye molecules
was damaged. More dyes were “polymerized” in plasma
with creation of stable films [61, 62]. From IR-spectra the
authors concluded that dye molecules were incorporated in
“polymer” film. So, a part of these molecules was decom-
posed to produce a “polymer” matrix. The classic plasma is
not suitable for selective activation of the unsaturated bond
in the new compounds. Grytsenko with co-authors found
out that decrease of discharge power in monomer gas led to
formation of a film with properties close to classic polymer
[63, 64].

Several less energetic activation methods were devel-
oped for “polymeric” dye films deposition [56]. Depend-
ent on the dye structure, activation conditions and sub-
strate material, the deposits with different morphologies
were produced. The films deposited with the best activa-
tion conditions were smooth at nano-level (Fig. 10) and
showed enhanced nano-hardness (Fig. 11). Morphology
and nanomechanical properties of the films were varied
by changing activation parameters. Optical spectra of the
films deposited with activation contained one monomeric
band, instead of the films of the same dyes, but deposited
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Fig. 10 Morphology of 2566 deposits: a deposit on polycarbonate and b on glass, both produced by thermal evaporation without activation; ¢
film on glass deposited by evaporation with activation, d represent the surface relief of the film along the mark
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Fig. 11 Load-penetration curves of the films, deposited with different
activation methods 1,2,3

without activation. The films deposited with the best acti-
vation conditions revealed no transformations of their
optical spectra during heating up to the decomposition
temperature (Fig. 12). The decomposition temperature for
the films deposited with activation was significantly higher
than that for the films deposited by thermal evaporation
and exceeded the dye evaporation temperature in vacuum.

The film of the dye 2556 deposited without activation was
completely decomposed at 90 °C. The films deposited with
best activation conditions showed some absorption of
pristine chromophore even at 271 °C. The film deposited
by simultaneous deposition of the dye and PTFE showed
bigger stability than that of pure dye film, but smaller sta-
bility, than polymeric dye film. The development only at
the first stage: several new types of chromophores were
designed for polymerization in vacuum. The technologies
for evaporation—activation—polymerization of these dyes
were only tested. It is necessary to carry out the research
on the activation methods to find the optimal conditions for
deposition of the polymeric films with the best properties.

The second set of the new evaporable molecules con-
taining two active functionalities were designed. The
organic salts containing unsaturated end group were
designed. After their activation upon evaporation, thin
films of cationic dye polymers were obtained. The mol-
ecules containing core chromophore for photovoltaics,
unsaturated group and group for bonding with Au can be
synthesized. The developed compounds and deposition
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Fig. 12 Optical transmission spectra recorded during heating of the 2566 films in air: a and b films was deposited by evaporation with different
activation conditions, ¢ film was deposited by co-deposition together with PTFE
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technology discover new direction for creation stable
active elements for optoelectronic devices.

3.6 Nanowires in multilayered systems

Several compounds formed nanowires in dependence on
the substrate and deposition conditions, in some cases up
to several centimeters long (Fig. 13). Mostly the wire-like
morphology was formed by molecules containing thiophene
in the structure. Though these molecules are different and
their formalization by the presence of thiophene seems arbi-
trary. Nanowires formed from merocyanine containing two
sulfur atoms in a 1,3-dithiolane group were shown [34].
Formation of the nanoneedles by thiophene-based “model”
molecules on model substrates is well known [65-67]. The
growth mechanisms of nanoneedles have been described in
these papers.

A few dyes revealed interesting effects during solid
formation. The growth of nanoneedles on the PTFE sur-
face with 100 nm wide trench down to Au surface started
from PTFE knoll at the trench end, but not on Au surface
(Fig. 14a, arrows 1). Some needles crossed the trench above
it (Fig. 14a, arrows 2). But if the trench is wider than 20 pm,
the nanowires were formed between the gold strips on Si
and on PTFE surfaces via self-assembling (Fig. 14b and
¢). The nanowire (30 pm X 1 pm X250 nm) is lying on Si
surface with both ends attached to two neighbor Au strips.
In the researches made before the second end of nanowire
was loose [13-16]. The additional efforts were necessary
to connect loose end with another surface. Recently, the
research concerning self-assembly of nanowires connect-
ing two metal strips has appeared [68]. Three compounds
from the tested ones produced almost the same nanowires as
those shown in Fig. 14c. The ratio between nanowire length,

width and height is different for various compounds. It is the
farther research task how to control nanowire geometrical
parameters.

The formation of nanowires was caused by interplay of
interactions for the three materials of the system (Si, Au,
dye). Figure 14d shows the hardness of 2566 nanowire and
dye films. The material of the nanowire was softer than
the film material, indicating a different organization of the
solids. Figure 14e and f presents the surface of nanowires
from the 2556 and the 7624 dyes, giving the data concern-
ing the growth mechanisms of the nanowires. The struc-
ture of nanowires produced from new compounds is to be
studied further. In the terms used by the Winkler [69], the
dye 7624 formed “wetting” layer on the Si surface and the
nanowire on this layer. The term “wetting” generalizes the
final result of the both thermodynamic and kinetic factors
actions. We would prefer to describe the formation of a solid
substance from the viewpoint of the substrate-dye interac-
tions, which we used since explanation of the merocyanine
solid formation. Prolongation of already formed structural
units (nanowire formation) is possible, if dye—dye interac-
tion and diffusion rates are not low. The necessity of the high
diffusion rate and dye—dye interaction narrows the domain of
the suitable thermodynamic and kinetic parameters. Modi-
fication of the core chromophore with different end groups
leads to variations in the domain of the parameters suitable
for nanowire growth.

4 Conclusions
The experimental studies of the morphology of organic solid

films produced using known compounds gave impetus to
the design of new compounds aimed at the deposition of

/ o
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=

Fig. 13 Optical images of the deposits. a 3354, b 3344, ¢ 7731, d 7644, all on glass; e 3196 and f 7587 on gold; g 2566 on glass; h 7604 on Si
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Fig. 14 7624 and 2566 dye deposits in multilayer microstructures: a
7624 on narrow trench on PTFE/Au/Si chip, b 7624 nanowire on Si
between two sides (Au strips) of wide cut, ¢ the optical image of the

solid films with a predefined morphology. Optical properties
of the organic solid can be constructed at the stage of the
molecule synthesis, but deposition conditions also play an
important role affecting optical properties through controlled
aggregation and orientation of the molecules in the film.
Using the core chromophore, but with various end groups, it
is possible to control the morphology of the deposits, taking
into account the substrate material, thus making it possible
the self-assembly of the nanosized organized units or vice
versa, to form a uniform film. The sulfur-terminated dyes
are the one kind of organic compounds that formed deposits
with different morphologies on gold and other substrates.
The new evaporable compounds with a reactive group at the
end and activation methods for selectively opening of this
group led to the production of the smooth and highly stable
films. Several compounds of different types formed nanow-
ires. Self-assembled organic nanowires were obtained on the
silicon surface between two gold strips. The nanowires made
from functional dyes can be used for the production of nano-
sized optoelectronic devices. The nanowires produced from
dyes with a reactive end group can be the building blocks
for the creation of functional nanoblocks using the AFM tip,
activating molecules in the domain of the tip action. The
compounds with reactive groups also open up ways to form
soft matter with enhanced properties, for example, by co-
polymerization of two insoluble dyes to produce one phase
solid with no aggregation during heating and so on. The
production of dye solid films with required properties on

7624 nanowires, d nanoindentation curves of the dye 2566 film 1 and
the nanowire 2, e the 2566 nanowire (pit from indent on top), f mor-
phology of the 7624 nanowire

nanostructured plastic substrates is one more challenge for
future researches, which will be useful for organic electronic
devices with a flexible plastic substrate.
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