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Abstract

Multilayer or blend heterostructures based on porphyrins and phthalocyanines were
obtained on different substrates using VTE and MAPLE methods. Stacked structures
based on ZnPc and C60 with NTCDA were prepared by VTE on ITO/glass, their cur-
rent value being increased by the deposition of the materials in an inverted configu-
ration or by using ITO/PEDOT:PSS as a substrate. Multilayer structures comprising
ZnPc and NTCDA were fabricated by MAPLE on an AZO/glass. Treating the AZO in
oxygen plasma, a higher current value was obtained for the deposited heterostructures.
The oxygen plasma treatment can increase the work function of the AZO resulting in a
decrease of the energetic barrier from AZO/organic interface and finally improving the
charge transport. Stacked layers or blend heterostructures having ZnPc, MgPc and TPyP
were deposited by MAPLE on ITO/PET. In the case of those containing MgPc and TPyP,
an increase in the current value (in dark) was obtained for the blend compared to the
stacked layer configuration. For those with ZnPc and TPyP, under illumination, a pho-
tovoltaic effect was observed for the blend structure. All heterostructures are featured
by a large absorption in the visible domain of the solar spectrum and suitable electrical
properties for their use in OPV applications.

Keywords: ZnPc, TPyP, MgPc, VTE, MAPLE

1. Introduction

During the last years, the organic materials have attracted the attention of researchers because
they can be used in different types of applications: organic photovoltaic (OPV) cells, organic-
based light-emitting devices (OLEDs) and organic field effect transistors (OFETs) [1-6].
Heliatek reports a conversion efficiency of about 13.2% for an OPV fabricated by vacuum

I NT EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



86

Phthalocyanines and Some Current Applications

evaporation and having three absorbers [7]. OLEDs are already integrated in commercially
available devices such as mobile phone displays, TV sets, etc.

The field of organic materials for applications in photovoltaic cells has begun in 1906 and 1913
with the observation of the anthracene photoconductivity [8, 9]. Kearns introduced, in 1958,
the first organic photovoltaic cell with a film based on magnesium phthalocyanine (MgPc)
[10]. In 1986, Tang makes a step forward for the OPV, fabricating a photovoltaic cell with two
organic layers in configuration donor/acceptor (D/A) using copper phthalocyanine (CuPc) as
a donor and perylenediimide (PDI) as an acceptor [11]. Since then the photovoltaic effect (PV)
was reported in different organic compounds such as porphyrins, phthalocyanines or their
derivatives [12]. The organic materials are part from the third generation of photovoltaic, after
those based on inorganic materials (the first and second generation).

Comparatively with the inorganic compounds, the organic materials present the following
advantages: they can be deposited at low temperature (decreasing in this way the processions
costs), are compatible with plastic substrates (a good premise for the flexible electronics) and
their properties can be tuned by various processing techniques which allow their deposition
even on a large area. In photovoltaic cells, organic compounds present absorption coefficients
greater than 10° cm™ allowing an increased absorption of the incident light even under 100 nm
[13]. The light collection efficiency is dependent on the organic active layer thickness and the
absorption properties of the used materials [14].

Porphyrins and phthalocyanines are the most used organic compounds as active layers in
photovoltaic cells due to their several absorption maxima in the visible part of the solar
spectrum (less than 700 nm [14, 15]). Furthermore, in the porphyrins and derivatives, the
range of absorption spectrum in the near infrared part can be increased due to the extended
conjugation [14].

The impact of the porphyrins and phthalocyanines on the OPV domain can be evaluated, as
shown in Figure 1, which contains the histograms with the publications number (from ISI web
of science) from the last 5 years (2012 to 2016) having as subject porphyrins or phthalocyanines
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Figure 1. Number of publications per year in the last five years having as topic porphyrins or phthalocyanines and solar cell.
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and solar cells. Moreover, it has to be mentioned that there is a journal entirely dedicated to
these organic compounds.

Photovoltaic cells based on porphyrins with high performances were achieved. Thus, in 2011
Yella et al. reported 12.3% efficiency for a structure with a zinc porphyrin (YD2-0C8) co-sen-
sitised with Y123 deposited on a TiO, [16]. Also, in 2014, a conversion efficiency of about 13%
was obtained for a porphyrin dye, coded SM315 [17]. In 2015, a teoretical study made for a
new porphyrin-based molecular complex shows that an open circuit voltage of about ~1.8 V
can be obtained using this kind of materials [18].

Additionally, the bioinspired structures of porphyrins can be attractive in different forms
(nanoparticles, nanosheets, nanorods and nanorings, nanowires, nanotubes, aggregates) as
summarised by Monti et al. [19] in applications as catalysts (for O, reduction or H,O oxidation
[20]), sensors [21], in photodynamic therapy as photosensitizers [22], for drug delivery [23]
and for the treatment of tumours [24].

One of the most important advantages of the phthalocyanines over other organic materials is
their increased value of the exciton diffusion length, which is usually in the range of 10 nm
[25]. Thus, for CuPc a diffusion length of about ~68 nm was reported [26]. Increased cell per-
formances (efficiency) were also recorded for the OPV based on phthalocyanines: 3.6% for a
double layer cell with CuPc and C60 [27], 4.2% for a structure with 1,4,8,11,15,18,22,25-octahex-
ylphthalocyanine (C6PcH,) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) prepared
by spin-coating [28], 5% for a cell also with CuPc:C60 [29] and the highest reported efficiency
of about 5.7 % was achieved also for a structure based on CuPc and C60 [30]. And in the field
of the perovskite cells was reported an increased efficiency (11.75%) for a structure containing
a ZnPc thin film as a donor material [31].

Complementary, the phthalocyanines and their derivatives have wide range of applications
such as OLEDs, gas sensors and optical communications [32]. These compounds are promising
candidates in the non-linear optical devices due to their large third-order non-linearity [32, 33].
They are also used in therapy of cancer, infectious or neurodegenerative diseases [34] and in the
xerographic photoreceptors of laser printers due to the strong Q-band absorption [35].

In this chapter, we summarised some of our results regarding the preparation and characteri-
sation of porphyrins and metallic phthalocyanine layers for applications in OPV. These mate-
rials were obtained as thin films (in multilayer structures or blends) on solid (glass coated
with indium tin oxide-ITO or aluminium-doped zinc oxide-AZO) or on a flexible substrate
(polyethylene terephthalate-PET coated with ITO).

2. Deposition techniques for single and multilayer thin films: description
and advantages

In the applications such as OPV or OLED, the heterostructures consist in one or more
organic thin films (active material) sandwiched between two electrodes, an anode that must
be transparent (in order to pass the light) and the metallic cathode [13].
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The transparent electrode can be prepared by several techniques: sol-gel, magnetron sputter-
ing, oxygen ion beam assisted deposition, pulsed laser deposition (PLD), spray pyrolysis. The
widely used methods are RF magnetron sputtering and PLD because films obtained by using
these methods are characterised with adequate properties [36, 37].

In the case of the organic compounds, vacuum thermal evaporation (VIE) was one of the
most used deposition techniques. Other methods such as spin-coating, doctor blading or inkjet
printing were also involved in the preparation of the organic layers [38—40].

The techniques used to prepare our organic heterostructures based on porphyrins and
phthalocyanines are briefly described in the following section.

2.1. Transparent conductive oxide (T'CO) thin films obtained by pulsed laser
deposition (PLD)

PLD is a versatile deposition method frequently used for the preparation of the thin films
based on TCO materials [41]. The depositions are made inside a vacuum chamber. A solid
target comprising the raw materials is ablated under a pulsed laser beam. When the elements
from the target reach their evaporation temperature (above a certain value of the laser inten-
sity), they are ejected from the target and form the plasma plume and pass to the deposition
support starting the nucleation process which leads to the formation of the thin layer [42]. In
order to improve the properties of the layers, the deposition can be also made in inert gases
such as nitrogen (N,) or in reactive gas such as oxygen (O,). Also, the deposition target can
be rotated during the deposition process to avoid a local deterioration which can affect the
uniformity of the obtained film. The deposition parameters that must be controlled are flu-
ence of the laser beam, a number of the laser pulses, target-substrate distance and, sometimes,
substrate temperature [41].

High-quality TCO materials with an increased transmittance, low electrical resistivity and a
reduced roughness of layer surfaces are obtained by PLD [37, 43].

2.2. Organic thin films prepared by vacuum thermal evaporation (VTE)

VTE is a dry technique, frequently used for the deposition of the metallic layers, inorganic
materials but also for the organic compounds. The method is simple and it can be applied for
deposition on a large scale being used in the industry. Heliatek fabricated a cell made with
three organic layers and high efficiency by VTE [7].

The solubility is another reason for choosing this deposition method which does not imply a
solvent, if the organic materials are insoluble or poorly soluble. Thus, can be deposited suc-
cessive organic layers, the previous deposited layer not being affected by the deposition of
the next layer.

Using this method, materials can be evaporated which are vacuum compatible and chemi-
cally stable up to their evaporation temperature. In the vacuum evaporation, the material of
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interest is heated until its vapour pressure is greater than 10 Torr [44]. The high vacuum
in the deposition chamber ensures a particles flow (atoms, molecules) from the evaporated
material. The process is followed by the condensation of the formed vapours on an ade-
quate substrate [45]. As deposition substrates can be used glass, quartz, silicon, ITO or other
plate materials.

The evaporation and condensation of the materials are influenced by the following param-
eters: temperature of the heater (influences the evaporation rate), evaporation rate (depends
by the system geometry), substrate temperature (control the surface atom mobility), heater
and substrate geometry (related to film uniformity) and substrates (as smooth and clean as
possible) [44]. All these parameters are very important because they affect the quality of the
obtained thin film. It is known that the thin films have the tendency to copy the form of the
substrate used for deposition.

The organic compounds adequate to be deposited by vacuum evaporation are those from the
small molecules class, because they do not suffer stoichiometric changes during the transfer,
having low melting temperatures (~300°C).

A disadvantage of this method is the time necessary until it is reached the high vacuum in the
deposition chamber. But the thin films obtained are uniform, have a good adherence and have
the wished geometry (shadow mask being used) [46].

2.3. Organic thin films prepared by matrix-assisted pulsed laser
evaporation (MAPLE)

MAPLE is a laser technique that has been developed from the PLD method. It was developed
at the end of the 1990s from the necessity to deposit soft organic thin films (unicomponent
layers or blends) preserving the properties of the used raw materials. MAPLE is also useful
in the deposition of the polymers when the use of VTE results in the broken of the molecular
chains [47, 48]. It is also used for the deposition of thin films from small molecule compounds
or oligomers [49, 50].

In order to avoid the deterioration of the organic materials during the deposition were used
lower laser fluences (<500 mJ/cm?) compared to those used in the classical PLD [47] and tar-
gets (frozen in liquid nitrogen) formed from a mixture between the organic material and an
adequate solvent used as a matrix [47, 48]. The solvent is chosen in order to obtain homo-
geneous mixture with the organic material and to be compatible with the laser wavelength.
The solvent evaporation takes place at the absorption of the laser energy that is converted
in thermal energy. Further, the solvent is pumped outside from the deposition chamber by
the vacuum system [48]. The material of interest reaches the support where the nucleation
process starts and the thin layer is formed. The concentration of the target is usually ~3%,
depending on the material type.

Multilayer organic heterostructure can be fabricated by MAPLE, because the second depos-
ited layer does not affect the first obtained layer [51].
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3. Organic heterostructures with single and multilayer thin films:
influence of the deposition technique type on their structural,
morphological and optical properties

Different organic heterostructures were obtained either by VTE or MAPLE on a solid glass
substrate (covered with ITO or AZO) and on a flexible substrate (covered with ITO). The
prepared layers and heterostructures were investigated by various techniques: X-ray diffrac-
tion (XRD), atomic force microscopy (AFM), ultraviolet-visible (UV-VIS) spectroscopy, pho-
toluminescence spectroscopy (PL) and infrared Fourier transform spectroscopy (FTIR). The
used organic materials were metal phthalocyanines (ZnPc or MgPc), porphyrins (15,10,15,20-
tetra(4-pyridyl)-21H,23H-porphine -TPyP) or other small molecule compounds (1,4,5,8-naph-
thalenetetracarboxylic dianhydride —NTCDA, fullerene-C60), and their chemical structure is
presented in Figure 2.

3.1. Heterostructures based on ZnPc and NTCDA thin films obtained by VTE and MAPLE

Phthalocyanines are materials that are often used in OPV due to their large absorption domain
in the visible part of the spectrum. These compounds are characterised by a high chemical sta-
bility having the property to form uniform layer on different solid substrates [52]. Thus, they
can be easily deposited by the VTE method.
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Figure 2. Chemical structure of the ZnPc, MgPc, TPyP, NTCDA and C60.
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ZnPc, C60 and NTCDA layers were deposited by the VTE technique [53] on a ITO/glass,
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)-PEDOT:PSS/ITO/glass, silicon and
glass using the following experimental conditions: 8 x 10 mbar pressure in the chamber, at
~218°C for ZnPc, ~255°C for C60 and ~166°C for NTCDA. A PEDOT:PSS layer (20 nm) was
prepared by spin-coating on ITO (15 €)/sq) at a rotation speed of 3000 rot/min for 30 s. After
that the obtained layers were supposed to a thermal treatment at 120°C for 5 min [53].

The following heterostructures were fabricated: 1-[(ITO/ZnPc(50 nm)/C60(30 nm)/NTCDA(110
nm)/Al)], 2-[(ITO/PEDOT:PSS(20 nm)/ZnPc(50 nm)/C60(20 nm)/NTCDA(120 nm)/Al)] and 3-
[glass/Al/NTCDA(90)/C60(20)/ZnPc(50)/ITO]. For the second type of heterostructure (starting
from glass/Al), the ITO electrode (the last material deposited) was prepared by PLD with an
excimer laser source (A =248 nm and 7,,,,,, ~25 ns) using the following experimental conditions:
room temperature, 5 Hz repetition rate, 30,000 number of laser pulses, in oxygen atmosphere
at 1.5 Pa pressure [53]. The resistivity of ITO was 3.9 x 10* Qcm. Aluminium was used as a top
metallic electrode (80 nm) being also obtained by VTE at 10 Pa pressure in the deposition cham-
ber. The schematic representations of the prepared organic heterostructures are given in Figure 3.

The XRD diffractograms (Figure 4) indicated that the organic films obtained by VTE are
not completely amorphous. The ZnPc layer presents lower diffraction peaks at 6.9, 9.6 and

a b ITO

ITO

Figure 3. Schematic representation of the organic heterostructures deposited by VTE: standard structure (a) and inverted
structure (b).
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Figure 4. XRD patterns of the ZnPc film (curve 1), C60 film (curve 2), NTCDA film (curve 3), standard structure (curve
4) and inverted structure (curve 5) deposited by VTE.
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29.3° [29], attributed to the powder raw material [54]. For the C60 layer, remarked lines were
obtained at 11.8 and 23.7° specific to the (111) and (311) diffraction plane of this material [55].
The XRD diagram of the NTCDA film presents three peaks, including an intense one at 11.9°
obtained also in the diffractogram of the powder [53]. Depending on the method used for
deposition of the organic layers, in the multilayer structures are remarked only the diffrac-
tions lines originating from NTCDA, which are more intense when NTCDA is deposited on
top (Figure 4, curve 4).

For the ZnPc and C60 films, the AFM images (Figure 5) show topography characteris-
tic to these materials deposited by thermal evaporation [56, 57]. Thus, it can be observed a
low roughness for the ZnPc film (root mean square, RMS = 5.1 nm) in comparison with C60
(RMS = 14.7 nm) and NTCDA (RMS = 20.9 nm). The RMS higher value of the NTCDA can be
attributed to the layer thickness, this layer being thicker than ZnPc and C60 films.

For the heterostructures containing three organic layers, a reduced roughness was obtained
in the inverted structure (RMS = 6.8 nm) compared to the normal structure (RMS = 8.3 nm) as
it is expected, taking into account that in standard structure the top organic layer is NTCDA
which is characterised by the highest roughness.

The vibrational properties of the raw materials were identified in the FTIR spectra (Figure 6)
of ZnPc and NTCDA layers deposited by VTE, indicating that no chemical decomposition
took place during the VTE transfer. The C60 film was too thin to remark some FTIR peaks
on it. In the ZnPc layer, the peak from 727 cm™ is specific to C-H out of plane deformation,
the peaks situated at 748, 1095, 1118 and 1288 cm™ appear due to the in-plane C-H bending,
the peak at 1333 cm™ evidenced the C-C stretching in isoindole and the peaks from 1481 to
1608 cm™ are attributed to the C-C stretching in benzene [56, 58].

102.7nm

50.0

0.0

-50.0
714

Figure 5. AFM images of the ZnPc film (a), C60 film (b), NTCDA film (b), standard structure (d) and inverted structure
(e) deposited by VTE.
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Figure 6. FTIR spectra of the ZnPc (curve 1) and NTCDA (curve 2) single layers deposited by VTE.

For the NTCDA layer, the peaks at 1780 cm™ (characteristic to the dianhidrydecarbonylic
group [59]), at 543, 753 and 882 cm™ (specific to the C-H out-of-plane bending vibrations [60, 61]),
at 698 and 754cm™ (attributed to C-H bending vibration [36]), at 1044, 1120, 1161, 1234 and
1293 cm™ (characteristic to the stretching vibration of C-O in the anhydride groups and the
C-H in-plane bending vibration) and at 1442 and 1582 cm™ due to the C-C bending [61]) were
evidenced.

The UV-VIS spectra of the VTE prepared organic thin films are given in Figure 7. For the
ZnPc layer, a high transparency (~90% at 500 nm) was emphasised, covering a broad part of
the VIS region and presenting the band B (so-called Soret band) and band Q [62, 63]. Several
absorption maxima are remarked for the C60 layer, at 340, 400 and 440 nm which are char-
acteristic to this material prepared by the VTE technique [64, 65]. The NTCDA layer used as
buffer in our structure reveals absorption maxima in UV (at 370 and 390 nm) attributed to
the m-t* transition [66]. The structure comprising all the organic layers (Figure 7, curve 4) is
characterised by a high transmittance, showing the absorption maxima of all components.

ZnPc, C60 and NTCDA thin films deposited by the VTE method are polycrystalline and
have morphologies specific to raw materials (ZnPc, C60 and NTCDA), being characterised
by different roughness values (RMS ranged between 5.1 and 20.9 nm). The materials present
adequate absorption bands in the visible region. The peaks disclosed by the FTIR spectra are
assigned to each organic material, evidencing that no chemical decomposition appears in the
thin-film deposition.
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Figure 7. Transmission spectra of the ZnPc film (curve 1), C60 film (curve 2), NTCDA film (curve 3) and standard
structure (curve 4) deposited by VTE.

Along the time, ITO was the most used transparent electrode, due to its high optical transmit-
tance and reduced electrical resistivity. Because the required indium is rare and expensive,

many attempts were made in order to replace the ITO in various applications, including the
OPYV field.

As transparent electrode we choose a large band gap semiconductor, ZnO doped with Al
(AZO) because it presents adequate electrical resistivity (~10* Qcm), a high optical trans-
mission in the visible-NIR domain, and a higher chemical stability in comparison with ITO
[67-69].

AZO (ZnO doped with 2% Al) thin films were prepared at room temperature on a glass sub-
strate by PLD using the KrF* excimer laser in the following experimental conditions: 10 Hz
repetition rate 5 cm, substrate-target distance, 3 J/cm? laser fluence, 32,000 laser pulses, in
oxygen atmosphere at 102 mbar pressure [70]. Subsequently, the obtained AZO layers were
treated in oxygen plasma at 0.6 mbar and P__ =130 W (for 5 and 10 min) in order to observe
how this treatment affects the properties of the formed layers. The samples were labelled as fol-
lows: AZO (untreated film), 5AZO (film treated for 5 min) and 10AZO (film treated for 10 min).

The MAPLE technique was used to process organic films from ZnPc and NTCDA on the
AZO substrate. The same laser source was used to prepare thin films from a frozen target
containing ZnPc or NTCDA and dimethyl sulphoxide (DMSO) as a solvent compatible with
the laser wavelength. Two different laser fluences were used for the deposition of the ZnPc
layer: 0.4 J/cm? (1ZnPc) and 0.3 J/cm? (2ZnPc). Organic heterostructures with two stacked
layers were formed by the deposition of the NTCDA layer over ZnPc films. For the NTCDA,
the deposition parameters were 0.3 J/cm? laser fluence, 90,000 and 100,000 laser pulses
[70]. Table 1 presents the experimental conditions for the deposition of the organic layers.



Sample 0 of AZO before/after Laser fluence No. of laser pulses  d/RMS of AZO d/RMS of ZnPc d/RMS of NTCDA
treatment (10~ Qcm) (J/cm?) (K) (nm) (nm) (nm)
AZO/1ZnPc/NTCDA 3.1/3.1 0.4/0.3 65/90 1310/9.3 360/51 120/59
AZO[2ZnPc/NTCDA 2.7/2.7 0.3/0.3 65/90 1300/9.2 380/53 150/73
5AZ0/1ZnPc/NTCDA 2.9/2.8 0.4/0.3 65/100 1290/6.4 550/60 140/42
5AZ0/2ZnPc/NTCDA 2.9/3.1 03/0.3 65/100 1290/6.1 390/61 90/50
10AZO/1ZnPc/NTCDA 3.1/3.1 0.4/0.3 65/100 960/4.4 490/61 120/53
10AZO/2ZnPc/NTCDA 3.2/2.5 0.3/0.3 65/100 940/3.3 440/60 100/56

Table 1. Resistivity of the AZO layers before and after treatment, used laser fluences in the MAPLE deposition, the thickness (d) of the layers and the roughness value

obtained from AFM.
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The heterostructures (Figure 8) were carried out by the gold (Au) electrode of ~100 nm thick-
ness deposited also by VTE.

The morphological investigations of the AZO substrates and of the ZnPc/NTCDA structures
are represented in Figure 9. Only the AFM images collected for the structures with the ZnPc
layer deposited at 0.4 J/cm? laser fluence are presented, but the roughness (RMS) values both
for structures with ZnPc deposited at 0.4 and 0.3 J/cm? laser fluences are presented in Table 1.

Oxygen plasma treatment leads to a decrease in the RMS value of the AZO substrate, from
9.3 nm for the untreated film to 3.3 nm for the treated film for 10 min (Table 1). A similar
behaviour was remarked by others authors [71]. The AFM images exhibit a topography char-
acterised by small grains for the organic layers obtained on treated substrate compared to
that formed on the untreated substrate. The RMS value increases from the single to bilayer
structures prepared on the untreated AZO substrate. The RMS recorded for the ZnPc layer
shows an increase when the AZO substrate is treated (Table 1). Probably, the ZnPc deposi-
tion is affected by the surface energy of AZO layer modified during the oxygen plasma treat-
ment. The higher roughness of the ZnPc layer obtained on the AZO-treated substrate leads to
a better arrangement of the NTCDA molecules having an effect on lowering the RMS value
recorded for the bilayer heterostructures.

From the UV-VIS spectra, a transparency between 75 and 87% in the range 400-800 nm was
obtained for the AZO layers (Figure 10, curve 1). The thickness of the AZO films was evalu-
ated using the formula from [72] which takes into consideration successive interference max-
ima and minima. The obtained values (between 940 and 1310 nm) are given in Table 1.

The UV-VIS spectra of the AZO layers revealed a slight improvement in the transparency
with the increase in duration of the applied plasma treatment (Figure 10, curves 1" and 1”).
This can be attributed either to a reduction of the defects number inside the AZO layer (these
can act as scattering centres), due to decrease in the AZO layer thickness (Table 1) or to the
reduction in scattering at the surface in wavelength domain (>750 nm).

The thickness of the organic films was also estimated from the UV-VIS spectra, using the
absorption coefficients at A = 355 nm reported in the literature, a, , =3.5 x 10* cm™ [73] and
a =2.1 x 10° cm™ [74]. The thickness varied between 360 and 550 nm for the ZnPc layer

NTCDA

and between 90 and 150 nm for NTCDA (Table 2).

Figure 8. Schematic representation of the organic heterostructure deposited by MAPLE on AZO substrate.
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Figure 9. AFM images of the glass/AZO substrates (a, a’ and a”’) and ZnPc/NTCDA layers deposited by MAPLE—0.4
J/em? fluence for ZnPc and 0.3 J/cm? fluence for NTCDA (b, b” and b”’): untreated (a, b), treated in oxygen plasma for 5
minutes (a’, b’) and treated in oxygen plasma for 10 minutes (a”’, b”’).

The ZnPc layers (Figure 10, curves 2 and 3) present a structured absorption in the range of
550-750 nm, this large absorption domain being useful in generation of the charge carriers.
As mentioned above, the oxygen plasma treatment can modify the surface energy of the AZO
layer, can change the way in which the organic molecules are arranged on the substrate and
as consequence the optical properties of these organic layers. Comparison of the 1ZnPc and
27nPc samples was found that for the second film the absorption is smaller. Additionally,
the NTCDA layer does not affect the shape of the transmission spectrum (Figure 10, curve 3).

The emission properties of the samples under excitation with A_ =335 nm were also inves-
tigated (Figure 11). The AZO layer is characterised by an intense emission band with maxi-
mum at ~430 nm and a shoulder at ~480 nm, linked to point defects as Zn?** interstitial [75, 76].
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Figure 10. Transmission spectra of the organic films deposited by MAPLE on a glass/AZO substrate untreated (1-5),
treated in oxygen plasma for 5 min (1’-5’) and treated in oxygen plasma for 10 min (1”-5”): glass/AZO substrate (curves
1, 1" and 17), 1ZnPc film (curve 2, 2" and 2”"), 2ZnPc film (curve 3, 3’ and 3”), 1ZnPc/NTCDA layers (curve 4, 4" and 4”’)

and 2ZnPc/NTCDA layers (curve 5, 5" and 5”).

Sample Laser pulses Thickness (nm) RMS (nm)
ZnPc/ITO 100k 570 36
MgPc/ITO 85k 470 35
TPyP/ITO 74k 440 34
TPyP/ZnPc/ITO 30k/30k 430 25
TPyP:ZnPc/ITO 60k 380 32
TPyP/MgPc/ITO 30k/30k 530 49
MgPc:TPyP/ITO 60k 440 57

Table 2. MAPLE conditions used for the deposition of organic films and structures on ITO/PET, layer thickness and RMS
values interpolated from AFM.

The oxygen radicals from the plasma can lower the number of the Zn* interstitials due to the
reduction of the defects which appear near to the film surface [77]. The thickness of the samples
has a decisive role in the intensity of the emission. In the AZO and 5AZO thicker layers, the
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Figure 11. Photoluminescence spectra of the organic films deposited by MAPLE on a glass/AZO substrate untreated
(1-3), treated in oxygen plasma for 5 min (1’-3’) and treated in oxygen plasma for 10 min (1”-3”): glass/AZO substrate
(curves 1, 1" and 17), 1ZnPc film (curve 2, 2’ and 2”’) and 1ZnPc/NTCDA layers (curve 3, 3" and 3”).

emission band attributed to the deep level point defects (2.6 eV) is lower while in the thinner
10AZO layer the emission increases (Figure 11, curves 1).

The emission band situated at 430 nm in the AZO spectrum can be remarked also in the
structures prepared with ZnPc and ZnPc/NTCDA (Figure 11, curves 2 and 3). The ZnPc layer
discloses also a peak in the range of 400-450 nm [78]. The shoulder situated at 480 nm from
AZO became a well-structured band in the structures containing ZnPc. No supplementary
maxima were observed by adding NTCDA, probably because the emission bands specific to
this material, one situated at ~430 nm and other situated in 475-575 nm range are masked by

99



100

Phthalocyanines and Some Current Applications

the emission of the AZO and ZnPc layers, respectively [79]. The intensity of the emission band
with the maximum at 480 nm from the AZO substrate decreases in the structures prepared
with one or two organic layers.

AZO layers were successfully transferred by PLD, in order to be further used to prepare
organic heterostructure by MAPLE. The oxygen plasma treatment influences the roughness
of the AZO layers. A decrease of the films roughness is obtained with the increase duration
of the applied treatment. For this TCO, a high transmittance and emission with maxima at
about 430 and 480 nm were evidenced. The organic heterostructures formed on the AZO
substrate present also a high transmittance in the visible domain. The surface topography of
the organic heterostructures is characterised by grains, smaller grains being remarked for the
AZO/1ZnPc/NTCDA structure made on the treated AZO substrate.

3.2. Heterostructures based on metal phthalocyanines (ZnPc or MgPc) and TPyP thin films
prepared by MAPLE

Another type of organic heterostructure has bulk active layer. The bulk heterojunction
concept [80] was introduced to overpass the mismatch between the energy bands of the
constituent organic materials used to form an organic cell with different layers. A bulk het-
erojunction can be obtained using a wet method for the deposition of the organic materi-
als, these being mixed in a solution with an adequate solvent from which are subsequently
deposited films. The organic p-n materials form an interpenetrating network. In this way,
the interface between them is enlarged, having effect on the exciton dissociation and the
charge transport [81].

The MAPLE method described above was used for obtaining structures with metallic phthalo-
cyanines (ZnPc or Mg Pc) and a non-metallic porphyrin, 5,10,15,20-tetra(4-pyrydil)21H,23H-
porphyne (TPyP) as a bulk active layer or as a stacked layer, to investigate the effect of the cell
architecture on the properties. In these structures, the phthalocyanines are the p-type material
and the TPyP is the n-type material.

A flexible ITO/PET substrate (14 ()/sq resistivity) was used as a TCO electrode. For the MAPLE
deposition, the same above presented laser was involved, keeping the constant experimental
conditions: 2.5% concentration of the organic material in DMSO, 300 m]J/cm? laser fluence,
5 Hz laser frequency and 5 cm target-substrate distance. In order to obtain layer with appro-
priate thickness, the number of the laser pulses was varied (Table 2). Besides ITO/PET, sub-
strates as a glass and silicon were used. In the structures containing blends, the materials were
used in the weight ratio of 1:1 and in those having two stacked layers: the first deposited layer
was the metallic phthalocyanine [50]. A schematic representation of the transterred MAPLE
layers is presented in Figure 12.

The layers prepared were analysed from structural point of view, the diffractograms of
ZnPc, MgPc, TPyP and their structures are presented in Figure 13. The single layers and
the heterostructure based on MgPc are amorphous. In the case of the diffractograms of het-
erostructures based on ZnPc, some lines characteristic to this material are observed (6.8, 9.1
and 13.8°) [54, 63], meaning that ZnPc presents some degree of crystallinity. The amorphous
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Figure 12. Schematic representation of the organic heterostructures deposited by MAPLE with stacked films (a, b) and
mixed layers (c, d).
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Figure 13. XRD patterns of the organic layers deposited by MAPLE: single layers —ZnPc (curve 1), MgPc (curve 2), TPyP
(curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and heterostructures
with mixed layers —ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).
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behaviour of the phthalocyanines was also reported for films prepared by VTE [82]. So, this
behaviour is independent of a deposition technique.

The AFM images (Figure 14) were recorded on thin films and on the structures. The granu-
lar morphology showed by the deposited films was also reported in other papers, this mor-
phology being characteristic to the MAPLE prepared films but also to the phthalocyanines
[56, 62, 83]. Small and large grains were disclosed by the AFM images performed on mixed
layers (ZnPc:TPyP and MgPc:TPyP). The RMS values extracted from AFM are between 25.0 and
56.8 nm (Table 2).

A small RMS value is presented by the TPyP/ZnPc/ITO structure, meaning that in the stacked
structure appears a better accommodation of the TPyP molecules on the rough ZnPc film
(35.7 nm). The highest RMS value was obtained for the MgPc:TPyP/ITO structure. Probably,
the MgPc:TPyP blend is less homogenous in DMSO, the obtained films being characterised by
bigger grains comparable with ZnPc:TPyP blend.

The optical properties of the phthalocyanines and porphyrins films were also analysed. The
FTIR spectra (Figure 15) were recorded in order to observe if some changes appear in the
structure of the materials deposited by MAPLE. Thus, the FTIR spectra of the films are shown
in comparison with those of the raw powders, the IR bands from the powders appearing also
in the thin films, with lower intensity (due to the film thickness). In the phthalocyanines, films
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— 200.0
100.0 100.0
0.0 00 0.0
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Figure 14. AFM images of the organic layers deposited by MAPLE: single layers—ZnPc (a), MgPc (b), TPyP (c),
heterostructures containing stacked films—ZnPc/TPyP (d), MgPc/TPyP (e) and heterostructures with mixed layers—
ZnPc:TPyP (f), MgPc:TPyP (g).
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MAPLE (curves 2).

were identified the vibrations attributed to the C-H out of plane deformation at 725 cm™, in-plane
C-H bend at 754, 1088, 1114 and 1285 cm™, the C-C stretching in isoindole at 1333 cm™, the
C-C stretching in benzene at 1482 and 1606 cm™, the C-H bending in aryl at 1490 cm™ [56, 58].
For the TPyP, the following vibrations were attributed: 798 cm™ to the C-H bond in pyrrole,
1500 and 1590 cm™ to the C-C stretching in the pyridyl aromatic ring, 970and 3306 cm™ to
porphyrin free-base signature [15].

Based on these results, it can be concluded that no modification appears at the MAPLE trans-
fer of the organic materials.

The UV-VIS spectra (Figure 16) of the organic thin films deposited on flexible substrates have
identified the absorption maxima typical to the used compounds (Figure 16). It can be evi-
denced the presence of the B and Q bands (between 550 and 750 nm) characteristic to ZnPc
and MgPc [62, 63]. Two submaxima are remarked in the Q band due to the t-7* transition, this
band being localised on the phthalocyanine ring [84, 85]. The m-7* absorption is emphasised
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Figure 16. Transmission spectra of the organic layers deposited by MAPLE: single layers—ZnPc (curve 1), MgPc
(curve 2), TPyP (curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and
heterostructures with mixed layers —ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).

also in the TPyP film, being specific to the free-base ethio-type porphyrin, with the B (428 nm)
and Q (with maxima at 520, 590 and 660 nm) bands [86].

Investigating the emission properties (at 435 nm excitation wavelength) of the samples based
on phthalocyanines and porphyrins was noted that those containing ZnPc present a large
emission band (Figure 17) with a maximum at 690 nm and those with MgPc show a broader
band having the maximum at ~800 nm, associated with the Davidov coupling in the phthalo-
cyanine solid films [84].

An emission band with two maxima at 660 and 713 nm was observed in the TPyP film, these
peaks being characteristic to TPyP free base [86]. In the heterostructures prepared with
stacked layers, the TPyP emission bands were also evidenced (Figure 17 curves 4 and 5). For
the heterostructures made with blends, a decrease in the emission intensity attributed to TPyP
(leading even to its quenching) was observed (Figure 17, curves 6 and 7).

Layers based on ZnPc, MgPc and TPyP were successfully transferred by MAPLE on ITO
flexible substrates. Only the ZnPc presents a certain crystallinity degree when is deposited
both in stacked and blend forms with TPyP, all the others organic films being amorphous.
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Figure 17. Photoluminescence spectra of the organic layers deposited by MAPLE: single layers—ZnPc (curve 1), MgPc
(curve 2), TPyP (curve 3), heterostructures containing stacked films—ZnPc/TPyP (curves 4), MgPc/TPyP (curve 5) and
heterostructures with mixed layers —ZnPc:TPyP (curves 6), MgPc:TPyP (curve 7).

The morphology with grains can be attributed also to the phthalocyanines but also to the
MAPLE deposition method. The FTIR spectra confirm that the film deposited by MAPLE
preserves the vibrational properties of the raw materials. The optical properties of the films
evidenced a large absorption domain in the visible range. A quenching of the photolumines-
cence in the bulk heterostructures was observed.

4. Organic heterostructures based on single and multilayer thin films:
electrical properties for device applications

The [-V characteristics (Figure 18) for the heterostructures prepared by VITE were recorded
under dark conditions, in the range of 0V-1V. By using an additional layer of PEDOT:PSS,
the current value in the standard structures increased from 1.6 x 10° A (glass/ITO/ZnPc/C60/
NTCDA/ALI) at 6 x 10*A (glass/ITO/PEDOT:PSS/ZnPc/C60/NTCDA/AI). This supplementary
layer favours the hole injection from the ITO electrode in the first organic film [52].
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(a), ITO/PEDOT:PSS/ZnPc/C60/NTCDA/AL (b) and glass/Al/NTCDA/C60/ZnPc/ITO (c) structures.

By the deposition of these materials in the inversed order from Al to ITO, an improvement
in the current value was also obtained, from 1.6 x 107 (glass/ITO/ZnPc/C60/NTCDA/AI) A at
1 x 10" A (glass/Al/NTCDA/C60/ZnPc/ITO). Preparing the heterostructure in this way was
avoided the interaction of the hot Al atoms with the organic layer which can determine the
appearance of some recombination centres at the interface [87].

Thus, the high current values obtained for these heterostructures can be useful for the OPV
applications. It was remarked that the current value can be increased either using a supple-
mentary PEDOT:PSS layer or by preparing the heterostructure in the inverted way.

The resistivity for the AZO layers prepared by PLD was determined using a four-point probe
method, the values being between 2.7 x 10 and 3.2 x 10 () cm in the case of untreated layers and
between 2.5 x 10* and 3.1 x 10™* Qcm in the case of the treated layers in oxygen plasma (Table 1).

For analysis of the NTCDA/ZnPc/AZO structures from electrical point of view, an injection con-
tact behaviour was evidenced for both structures deposited on untreated AZO and treated AZO
films (Figure 19). 5AZ0O and 10AZO films were characterised by a lower resistivity compared to
that of the untreated AZO layer, and are chosen to facilitate the charge carrier injection. It was
observed that the I-V characteristics became asymmetric for the heterostructures prepared on
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Figure 19. Current-voltage characteristics of the organic heterostructures deposited by MAPLE: AZO/ZnPc/NTCDA/Au
structure on substrates untreated (curve 1), treated in oxygen plasma for 5 min (curve 2) and treated in oxygen plasma
for 10 min (curve 3).

treated AZO substrates. At low voltages (under 0.4 V), the characteristics are linear and at higher
voltages the effect of the space charge limited currents (SCLC) becomes dominant. At direct
polarisation, at 1V, the current value increases from 3 x 10° A in the structure with AZO at
1.5 x 10 A in the structures with 5AZO and 10AZO (Figure 19 Quadrant 1). An increase in the
work function of the AZO electrode was induced by the oxygen plasma treatment [88], having
as effect a decrease in the energetic barrier at the AZO/organic interface which improves the
injection of the charge carriers from AZO in the organic layer.

Taking into consideration the properties of the AZO, this TCO can be integrated in organic
heterostructure, instead of the ITO electrode. The heterostructures prepared on AZO are char-
acterised by current values suitable for the photovoltaic applications. Moreover, treating in
oxygen plasma the AZO substrate can be increased the current value in the heterostructures
based on ZnPc and NTCDA.

The electrical properties of stacked and blend layers deposited by MAPLE on flexible sub-
strate were also investigated. Regarding the stacked structures, they were energetically
favourable, taking into account the ionisation potential (IP) and electron affinity (EA) levels
in ZnPc (E =5.28eVand E =3.28 eV [89]), MgPc (E =5.4eV and E =3.9eV

IP;ZnPc EA;ZnPc IP;MgPc EA;MgPc
= 4.1 eV [86]).

[90]) and TPyP (E =6.8¢eV, E

IP;TPyP EA;TPyP

The I-V characteristics recorded under dark and under illumination conditions, in 0V-1V domain,
are near linear (Figure 20). In the dark, the higher value of the current (~10° A) was obtained for
the Al/MgPc:TPyP/ITO structure, with ~ 3 orders of magnitude higher than the value presented by
the Al/MgPc/TPyP/ITO structure. As was remarked in the AFM images (Figure 10 g), MgPc:TPyP
layer seems to be characterised by a larger roughness which can lead to the formations of some
dipoles which reduce the energetic barrier at interfaces favouring the charge transport [83].

An increase in the current value and a photovoltaic effect was also evidenced in the Al/
ZnPc:TPyP/ITO structure after exposure to light (Figure 21). The solar cell parameters are:
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deposited by MAPLE.
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I,.=34x10" A; U,.=0.77 V and FF = 0.28. Even if in the PL spectra of the MgPc:TPyP struc-
ture (Figure 17) was remarked a quenching of the photoluminescence, in the I-V characteristic
recorded under illumination between —1 and 1V, the photovoltaic effect was not evidenced. This
means that for this case the collection of the charge carrier at the electrodes has not occurred.

In analysis of the structures prepared with stacked layer, an increased current value was
obtained in Al/TPyP/ZnPc/ITO structure comparing to that based on MgPc. This can be
explained, considering the position of the HOMO and LUMO levels in these materials, a bet-
ter hole injection from the ITO electrode in the ZnPc layer being ensured by the lower barrier
at the ITO/ZnPc interface (WF,, =4.6 eV [91] and AE =0.68 eV).

ZnPc-ITO

Organic heterostructures based on ZnPc, MgPc and TPyP are suitable to be used in OPV due
their electrical properties, especially in bulk forms instead of stacked layers.

5. Conclusions

Heterostructures based on ZnPc were prepared using two different deposition techniques.
In a first step, ZnPc was deposited into a multilayer structure in combination with C60 and
NTCDA by VTE, the most accessed method for the deposition of organic materials.

The heterostructure were fabricated starting from glass/ITO or glass/ITO covered by a thin
film of PEDOT:PSS on which were deposited ZnPc, C60, NTCDA and Al electrode or starting
from glass/Al, followed by the deposition of NTCDA, C60, ZnPc and ITO electrode. The struc-
tures present the absorption maxima characteristic to the used materials. It was evidenced
that the way in which the layers are deposited influenced the properties. I-V characteristics
revealed that the value of the current is increased in normal configuration glass/ITO/ZnPc/
C60/NTCDA/Al when an additional PEDOT:PSS layer is used. An increase in the current value
was also achieved depositing the layers in inverted order (glass/Al/NTCDA/C60/ZnPc/ITO).

A p-n heterostructure based on ZnPc and NTCDA layers was also fabricated by a laser
technique. Moreover, the structures are obtained on the AZO substrate, and a TCO used to
replace the ITO, the material most used as a transparent conductor electrode. AZO layers
with adequate optical and electrical properties were prepared by PLD. The influence of an
oxygen plasma treatment of AZO on the properties of the organic structures deposited on this
TCO was analysed. The UV-VIS spectra show features typical to the used materials, cover-
ing a large region of the visible domain. The PL emission bands attributed to the ZnPc and
NTCDA were overlapped by the emission bands showed by the AZO substrate. AFM images
evidenced a decrease in the size of the grains of the organic heterostructures with the increase
in duration of the applied plasma treatment of the AZO substrate. The I-V characteristics of
the heterostructures revealed an injector contact behaviour and the appearance of the space
charge limited currents (characteristic in organic materials) at voltages higher than 0.4V. AZO
substrates treated in oxygen plasma (for 5 and 10 min) can favour the injection of the charge
carrier in the organic layer, probably as a result of the increasing of AZO work function (lead-
ing to a decrease in the energetic barrier at the interface), and determining a current higher
with 1 order of magnitude in the heterostructures prepared on the treated substrate.
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Organic heterostructures based on metal phthalocyanines and a porphyrin (ZnPc orMgPc
and TPyP) were deposited by MAPLE on flexible substrate PET/ITO (in stacked or mixed
form). The films preserve their IR absorption properties indicating that no decomposition
appears at the laser transfer. The I-V characteristics of the heterostructures measured in dark
conditions show an increased current value with 3 orders of magnitude higher for the struc-
ture with MgPc:TPyP compared to the structure formed with stacked films based on the same
compounds. The appearance of the photovoltaic effect was remarked in the heterostructures
with ZnPc:TPyP when the structure was exposed to the light.

In conclusion, thin films based on porphyrins and/or phthalocyanines can be deposited in
multilayers or blend configurations on various substrates (ITO/glass, AZO/glass, Al/glass or
ITO/PET) by different deposition techniques, including laser techniques. The obtained results
are promising and very useful for further applications in the photovoltaic field.
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