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1. Introduction

Reducing primary non-renewable energy source and long-term adverse effects on
the environment due to their exploitation determines the need to develop new
strategies to efficiently use other primary energy sources, namely renewable ones.
Among the natural renewable energies, the sun is a viable alternative, generating
3.8x10%° Watts of brightness, which would meet the demand for energy for world
consumption per year (1.5x10%*” Wh in 2015) [1].

The discovery of electrical conduction in organic materials, initially assumed to
be insulating, has opened up a very interesting field. This category of materials is
characterized by properties that radically differentiate them from inorganic
materials and justify their study for photovoltaic and optoelectronic applications.

Photovoltaic cells based on organic thin films offer an attractive direction of
research due to photoexcitation and transfer charges phenomena that are hosted by
organic molecules. The main challenges are related to optimizing the properties of
organic materials (oligomers, polymers, low molecular weight materials) in order to
ensure the absorption of a wide spectrum of solar radiation and to control the factors
affecting the processes taking place at the interfaces, including the interfaces
between the components of the active medium and external contacts [2].

The main objectives of this thesis are the investigation of structural, optical and
electrical properties of some thin films based on different organic materials (small
molecules, oligomers, polimers) in various configurations in order to improve the
performances of devices based on these structures, in particular photovoltaic cells.
The efficiency of solar energy conversion can be improved by using an active
layer with a morphology characterized by the increase of the contact surface
between donors and acceptors, which provides an improved collection of
photogenereated charges.
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2. Bulk heterojunctions based on arylene compounds

The current organic solar cells that present the best conversion efficiency are
those with bulk heterojunctions between two semiconductor materials, an electron
donor, such as a polymer, oligomer or small molecular material, and an electron
acceptor such as fullerene or its derivatives, in a sandwich configuration between
two electrodes, one transparent conductive and one metallic, as in Fig. 2.1.

Electrod conductor transparent

Substrat

Fig. 2.1. Bulk heterojuction organic solar cell configuration.

The synthesis of new donor materials with optimized absorption spectra, transport
properties and energetic levels is a way to improve the performance of
photovoltaic cells [3,4].

2.1. Heterostructures based on star-shaped arylenevinylene compounds

One set of heterostructures were made from a mixed layer of 4, 4°, 4’-tris [(4’-
diphenylamino)-styryl] triphenylamine/IT77 and a fullerene derivative, [6]-phenyl
C61 butyric acid butyl ester/PCBB, obtained by MAPLE method. Mixed layers
were prepared on glass, glass coated with ITO or silicon substrates, as shown in
Table 1.

A buffer film placed between the ITO electrode and the active layer can improve
the parameters of organic solar cells with bulk heterojunctions.

A new poly (aniline-co-aniline propane sulfonic acid/copolymer An-AnPs) buffer
layer has been proposed, being characterized by an adequate position of energetic
levels to favor charge injection/collection from the ITO electrode.

The AFM images of An-AnPs copolymer film deposited on glass/ITO substrate
have revealed a large hill-like typical morphology, as can be seen in Fig. 2.1.1a.

The lowest roughness is observed in the mixed layers deposited on glass/ITO
substrate, and the highest roughness is shown by the sample prepared on An-
AnPS copolymer film [5].
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Table 1. Organic layers preparation conditions

Sample | Structure Fluence (mJ/cm?) | No. of pulses
O1 Glass/IT77 300 5000

M1 Glass/IT77:PCBB 250 8000

M2 Si/IT77:PCBB 250 8000

P2 Glass/ITO/film2/IT77:PCBB 250 8000

P6 Glass/ITO/film6/1T77:PCBB 250 8000

P8 Glass/ITO/film8/1T77:PCBB 250 8000

P11 Glass/ITO/ IT77:PCBB 250 10000

P13 Glass/ITO/PEDOT:PSS/IT77:PCBB 250 10000

P15 Glass/ITO/PEDOT:PSS/IT77:PCBB 250 12000

P16 Glass/ITO/ IT77:PCBB 250 12000

S2 Glass/ITO/An-AnPS Electrochemical polymerization
S6 Glass/ITO/An-AnPS Electrochemical polymerization
S8 Glass/ITO/An-AnPS Electrochemical polymerization
DC Si/IT77:PCBB Dropcast
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Fig.2.1.1. a) AFM Images: a) An-AnPS deposited on glass/ITO substrate, b) IT77:PCBB
deposited on glass/ITO/An-AnPS substrat, ¢) IT77:PCBB deposited on glass/ITO substrate, d)
IT77:PCBB deposited on glass/ITO/PEDOT:PSS substrate; b) UV-Vis spectra of thin films
prepared with IT77 and IT77 with fullerene [5]

The UV-Vis spectra (Fig. 2.1.1b) revealed the effect of the fullerene on the optical
properties of thin films based on the star-shaped compound.
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The spectrum of the reference sample (O1) prepared on a glass substrate of IT77
compound revealed a good transmission at wavelengths greater than 500 nm.

The addition of PCBB to the IT77 compound (M1 sample) was observed to shift

the fundamental absorption edge from ~270 nm to above 370 nm, as illustrated in
Fig. 2.1.2 [5].
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Fig.2.1.2. UV-Vis spectra of thin films prepared with IT77
and IT77:PCBB: S2, S6, S8, P2, P6, P8.

We have investigated the I-V characteristics of the organic heterostructures with
mixed layers realized with An-AnPs copolymer or PEDOT:PSS buffer layer in
comparison with I-V characteristics of the organic heterostructures realized
without buffer layer.

Samples P2 and P16 (Fig. 2.1.3b) have shown an injection contact behavior and a

small asymmetry. The best injection of charge carriers is evidenced in sample
P16,~70 pA at 1 V.

Solar cell behavior has observed in the sample P13 (Fig. 2.1.3a) characterized by
the following parameters: Voc=0.34 V, Isc = 1.98 nA and FF = 0.29.
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Fig.2.1.3. I-V characteristics for: a) P13-glass/ITO/PEDOT:PSS/IT77:PCBB/AI,
b) P2- glass/ITO/An-AnPS/IT77:PCBB/Cu, P16-glass/ITO/IT77:PCBB/Cu [5]
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2.2. Heterostructures with polymers based on arylene

Other materials investigated were polymers based on arylene, poly[N-(2-
ethylhexyl)2.7-carbazolylvinylJ/AMC16 and poly[N-(2-ethylhexyl) 2.7 carbazolyl
1.4 pheylene ethynylene]/AMC22. The studied heterostructures were made of a
simple polymer layer, or a mixed layer of polymer and C60-fullerene. The active
layers were deposited on the substrate by MAPLE technique using chloroform as
solvent.

AFM images (Figs. 2.2.1 and 2.2.2) of the realized films with AMC 16 and AMC
22 polymers show a globular morphology of both single and mixed polymers
films made with fullerene [6]. We assumed that these granulations contain both
polymer and fullerene. It has been observed that the addition of fullerene to the
polymer does not affect the morphology of the films.

The UV-VIS spectra have revealed the effect of fullerene C60 on the optical
properties of AMC 16 and AMC 22 films deposited on different substrates. The
spectra of the mixed polymer:C60 layers are not the superposition of the spectra
of individual components, meaning that some changes occurred during deposition
of films containing fullerene, which affected the electronic properties [7].
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Fig.2.2.1. AFM images: a) polymer AMCI16 film deposited on glass/ITO substrate; b) polymer

AMCI16:C60 film deposited on glass/ITO substrate; c) polymer AMC22 film deposited on
glass/ITO substrate; d) polymer AMC22:C60 film deposited on glass/ITO substrate [6].
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Fig.2.2.2. AFM Images: a) polymer AMCI16 film deposited on glass/ITO/PEDOT:PSS substrate;
b) polymer AMC16:C60 film deposited on glass/ITO/PEDOT:PSS substrate; c) polymer AMC22

film deposited on glass/ITO/PEDOT:PSS substrate; d) polymer AMC22:C60 film deposited on
glass/ITO/ PEDOT:PSS substrate [6].
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Fig.2.2.3. UV-Vis spectra of polymeric films: a) AMC16 and b) AMC22 and a mixed layers
polymer:fulerene realized by MAPLE and dropcast [6]

The reference samples prepared on glass substrate by dropcast show good
transmission, over 80% at wavelengths higher than 550 nm (see Fig. 2.2.3). By
adding fullerene, the fundamental absorption edge is slightly shifted to red, both

in samples prepared on glass/ITO and glass/ITO/PEDOT:PSS substrates (Fig.
2.2.4)[6].
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Fig.2.2.4. UV-Vis spectra of polymeric films and mixed layers: a) AMC16 and AMC22 deposited
by MAPLE on glass/ITO substrate; b) AMC16 and AMC22 deposited by MAPLE on
glass/ITO/PEDOT:PSS substrate [6].
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b) P2:glass/ITO/PEDOT:PSS/AMCI16/Al, c) P3: glass/ITO/PEDOT:PSS/AMC22:C60/Al [6].

Photovoltaic effect has shown the sample with polymer AMC16, AMC22 and
AMC22:C60 (Fig. 2.2.5) deposited on glass/ITO/PEDOT:PSS. The highest
current density at illumination was obtained in the P3 sample, which contains the
mixed active layer with polymer AMC 22 and fullerene and buffer layer

PEDOT:PSS.
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3. Photonic crystals

The advances in ceramic, plastics and metallurgy have allowed the control of
mechanical properties of materials, the advances in semiconductor physics have
allowed the control of electrical conduction properties, and in recent decades the
advances in the field of photonic crystals have allowed the control of optical
properties of materials [8]. The opportunity to control the emission and light
extraction using photonic crystals offers a vast potential to improve existing light
sources. Of interest are photonic crystals possessing a completely forbidden band
(for both polarizations TE, TM), similar to the forbidden band formed between the
valence and conduction bands in a semiconductor [9].

3.1 The bandstructure for TM polarization of different 2D photonic crystals

We applied the PWE method to calculate the eigenfrequencies of a 2D photonic
crystals composed of cylindrical, square, triangular, hexagonal or octagonal cross-
section dielectric rod shapes arranged in a periodic square structure.
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Fig.3.1.1. a) The first three TM bandgaps as a function of r/a for PBGs consisting of rods with € =
11 in air with cylindrical, square, triangular, hexagonal and octagonal cross-sections; b) The
coresponding dependences of the ratio between the width and the central bandgap position [10].

The difference in the position and width of bandgaps increases with the number of
the bands. For all three bands in Fig. 3.1.1 the position and width of the forbidden
band for hexagonal and cylindrical rods are impossible to distinguish due to the
similarity in shape of the rods [10]. Otherwise, photonic crystals with square and
triangular rods, in which field distributions are different from that in cylindrical
rods, show high difference in the position and width of the bands. This behavior
can be understood from the distribution of the magnetic field in photonic crystals
of different rod shapes. The magnetic field of the photonic crystal with square and
triangular rods has different shapes compared to that in periodic structures with
cylindrical rods, while the field distribution in the crystals with hexagonal and
octagonal rods is very similar to the cylindrical rod structure [10]. This is the
reason why the position and width of the bandgaps in photonic crystals with
triangular and square rods differ most from the cylindrical rods (Fig. 3.1.2) [10].
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Fig. 3.1.2. Magnetic field distribution for the first TM mode in the M point of the first Brillouin
zone of the square lattice with r/a =0.225 and € = 11, for:
a) cylindrical, b) square, c) triangular, d) hexagonal, e) octagonal [10].

a

3.2 Organic heterostructures prepared on nanostructured metallic electrod

Such two-dimensional periodic structures have been obtained using the
nanoimprint technique.

Fig. 3.2.1. SEM image of patterned photoresist on Si substrate [11]
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In the addition to the synthesis of new organic materials, the development of
different configurations is an alternative for making devices with improved
performances. A solution for improving the mobility of charge carriers consists in
nanostructuring the metallic electrodes, which leads to the creation of an intense
electric field in the regions with a smaller curvature and in the change of the
contact area between the active layer and the metal electrode, which favors the
injection/collection of carriers [12-15].

Organic heterostructures were made from small molecule organic semiconductors.
The active layer consisted of a p-type semiconductor, ZnPc, and a n-type
semiconductor, C60. A buffer layer of NTCDA, which does not absorb in the
visible spectrum, has been used as hole blocking layer [16]. The metallic
electrode, Al (planar or nanostructured) was deposited on a Si substrate, and the
transparent electrode was positioned at the top of the structures.

The heterostructures as a whole were fabricated with masks. Therefore, the form
of the reflection spectra (Fig. 3.2.2) is the result of overlapping reflections of the
ZnO film deposited in the top of structures with the ZnPc and C60 film reflection
and that of the planar or nanostructured Al electrode. In the heterostructures with
triple organic layers of NTCDA/C60/ZnPc, the patterned memory is not preserved
and a slightly increased and fluctuating reflectance is observed [17].
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Fig.3.2.2. Reflectance spectra of single/multi-layer organic heterostructures [18]

The photoluminescence spectra of single/multi-layer organic heterostructures
(Fig. 3.2.3) with nanostructured metallic electrodes are dominated by the
nanostructured Al [11]. At excitation with A = 335 nm, most of heterostructures
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realized on planar metallic electrodes show a weak peak situated at about 500 nm,
which can be correlated with resonance phenomena between the incident radiation
and surface plasmons generated in the Al layer. By nanostructuring the Al film,
this phenomenon became intense and the shape of the emission spectra is affected,
highlighting an integer peak at about 510 nm and a weaker one at 595 nm. At
excitation with A = 435 nm, the shape of the emission spectra is preserved for the
heterostructures obtained on both planar and nanostructured Al, showing a
maximum emission at about 595 nm [18].
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Fig.3.2.3. The emission spectra of single/multi-layer organic heterostructures [18].

An injection contact behavior was evidence for most heterostructures built on flat
and patterned Al (Fig. 3.2.4) [18]. At a voltage of 0.6 V the current is significant,
about 10 A in the Si/Al/ ZnPc/ZnO/Au/ZnO structure. The increase in current is
determinated by changes in the electronic properties of ZnPc molecules due to
strong ZnPc/ZnO coupling [19]. Nanostructuring of the Al electrode leads to an
increase in current (~4x10° A) for a voltage of 0.6 V. The heterostructure with
C60 shows a current of 6x107 A at 0.25 V, its behavior remaining unaffected by
nanostructuring of the Al electrode [18].
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The sample Si/Al/C60/ZnPc/ ZnO/Au/ZnO shows an asymmetric non-linear
injector contact behavior with a current of ~5x10° A at 1 V. The heterostructure
with triple organic layer is characterized by a current of 4x10* A at 0.7 V. A
change in shape of the I-V characteristics was highlighted in the same structure
with nanostructured metallic electrode.
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Fig.3.2.4. 1-V characteristics of the organic heterostructures prepared on planar
and nanostructured metallic electrodes [18].

6. Conclusions

To improve the performance of organic solar cells, in this thesis, we have investigated
several organic thin films (based on polymers and oligomers) in various
configurations, the molecular packaging being an important factor that affects the
properties of organic heterostructures. Thus, active layers were prepared by the
MAPLE technique on different substrates, such as flexible ones, glass, glass/ITO, Si,
resulting in different thicknesess and morphologies depending on experimental
conditions. The physical properties of organic heterostructures have been evidenced
by structural, morphological, optical and electrical measurements. All the sample
show good transmission, 70-80%. Using PWE method we calculated the
eigenfrequencies of 2D photonic crystals composed of cylindrical, square,
triangular, hexagonal and octagonal cross-section dielectric rods arranged in a
periodic square structure. Such periodic nanostructures could have been obtained
experimentally by nanoimprint lithography. As a result of I-V measurements,
several heterostructures showed photovoltaic effect, which confirms that these
organic materials based on arylene compounds can be used as active layers in the
production of photovoltaic cells.
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