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Abstract

Semiconductor molecular films based on a gallium phthalocyanine chloride (GaPcCl) and a biden-
tate amine were prepared by using vacuum thermal evaporation and electrochemical techniques
in order to investigate the preferred conduction paths within the films. Scanning Electron Micro-
scopy (SEM) and Atomic Force Microscopy (AFM) were employed to characterize the morphology
of the films. The conductivity measurements were performed with two different methods in order
to investigate preferential conduction directions. The film transverse conductivity was obtained
by using scanning tunneling spectroscopy (STS) and the in-plane film conductivity was measured
with a four-point probe system. From spectroscopy measurements, the tunneling conductance
(dI/dV) was also obtained. From these results, it was found that the conductive nature of the films
was strongly influenced by the deposition technique which in turn defined the morphological
characteristics of the film. The evaporated method showed better conductivity response and pro-
vided semiconductor characteristics in the film transverse direction with an in-plane ohmic re-
sponse. Finally, contact angle measurements were performed and showed hydrophobic characte-
ristics in all cases.
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1. Introduction

Metal phthalocyanines (MPcs) are very stable pi-conjugated macrocyclic aromatic compounds coordinated to
metal elements that show high chemical and thermal stability and a very strong optical absorption in the visible
region [1]. For several years now, metal phthalocyanine molecules have been employed as organic compounds
for many high-technology applications such as photoconductivity, non-linear optics, catalysis, chemical sensors
and photovoltaic cells, among others [1] [2]. It is well known that modifications on the MPc by introducing pe-
ripheral substituents and axial ligands can strongly influence and finally tune the solubility, photocatalytic, elec-
trochemical, optical, conductive, etc. properties of the MPcs complexes [1]-[4]. The axial substitution produces
relevant changes on the electronic structure of the molecule, in particular the pi-electronic distribution, as a con-
sequence of changes in the spin density and dipole moment of the central metal-axial ligand bonds [5].

In terms of the central metal ion, nowadays there are over seventy different MPc complexes, all exhibiting
diverse physical and chemical properties as a result of the intrinsic properties of the metal core [6]. In addition,
many of the central metal elements on the macrocycle ring have at least one site that can be coordinated to dif-
ferent ligands. Most of the MPcs found in literature correspond to transition metal complexes, but little work has
been done to investigate the other metals in the periodic table. In particular, gallium phthalocyanines (GaPcs)
have exhibited interesting non-linear optic (NLO) and optical limit (OL) properties that can be used to prepare
optical limit materials [7]-[9]. In order to produce suitable materials for optical applications, gallium phthalo-
cyanines complexes have been deposited as thin films by using spin-coating [10] [11] and vacuum sublimation
[8] [12] [13] techniques. It is well known that the deposition technique strongly influences the molecular aggre-
gation and orientation within the film, which in turn modifies most of the properties of the dye layer. Although
several studies have been devoted to investigating physical and chemical properties of electrodeposited metal
phthalocyanines such as LiPc [14], CuPc [15], MnPc [16] and FePc [17], among others; up to our knowledge, no
work has been done to produce GaPcs films by using electrodeposition methods in order to investigate the in-
fluence of the metal ion, the oxidation state, the electrolytic bath composition and the ligands in the structural
properties of the films, among others [18]-[21]. Also, it is worth mentioning that in addition to the previous as-
pects, electrodeposition has become a very interesting film formation technique since the thickness of the films
can be accurately controlled to produce very thin layers by controlling the electrochemical parameters.

So, in this work, the formation of thin films from gallium phthalocyanine molecules axially coordinated to a
1,4-diaminobutane molecule (1,4-LGaPc) was performed by using two different deposition techniques (electro-
deposition and vacuum thermal evaporation). The 1,4-diaminobutane molecule is a simple polyamine with no
optical response in the visible range, but with biological activity that can be explored in the design of biological
sensors. On the other hand, indium tin oxide (ITO) substrates were employed since they are widely used as
transparent conductive surfaces in electronic devices, and also, they also exhibit interesting semiconductor
properties which can be directly associated to the carrier transport at surfaces or interfaces for technological ap-
plications. Since GaPcs exhibit interesting optical properties in contrast with the polyamine system, the aim of
this project was to study the morphological, optical and conductive properties of the films in terms of the depo-
sition technique by using different microscopy techniques, UV-vis spectroscopy, the four-point probe and scan-
ning tunneling spectroscopy methods, respectively. Finally, since different applications depend on the conduc-
tion paths within the film, the conductivity characteristics along the perpendicular and parallel direction with
respect to the substrate for these films are also investigated in terms of the deposition technique.

2. Materials and Methods
2.1. Synthesis

All the reactants employed were acquired from commercial suppliers and were used with no further purification.
A solution of the GaPcCl (Cs;H16CIGaNsg) in absolute methanol was added to a solution of the 1,4-diaminobu-
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tane (C4H12N,) in the same solvent. The 1,4-LGaPc molecule was synthesized by a simple anion exchange reac-
tion. 0.20 g (0.3 mmol) of CsHsClGaNg in 25 ml absolute methanol was added to 0.40 g (4.5 mmol) of
C4H1:N, previously dissolved in 25 ml of absolute methanol. The resulting solution was refluxed for three days
until a blue precipitate appeared. The solid was filtered off, washed with absolute methanol and dried in vacuum.
The product was recrystallized in a 1:1 methanol-water solution. Yield 77%. m.p. 350°C (dec). Calculated anal-
ysis for CssHy7NioGa: C, 64.57%, N, 20.92%, H, 4.04%. IR (cm %) vma: 3424, 3212 cm™* (N-H), 3061, 1160,
749 cm™ (CH), 1628 cm™* (C-C), 685 cm * (C-C), 1282, 1160, 1079 cm * (C-N) [17] [22]. FT-IR measurements
were obtained with a spectrophotometer Nicolet iS5-FT using KBr pellets. Fast atomic bombardment (FAB+)
mass spectroscopy of the powder samples was performed on a 3-nitrobenzyl alcohol support in the positive ion
mode on a Jeol spectrometer, model JIMS-SX102A.

2.2. Film Deposition

As deposition surfaces, Nanocs ITO films onto glass substrates of 100 ohms/square were employed. The sub-
strates were ultrasonically clean at room temperature, dried under a nitrogen flux and store under vacuum prior
to deposition. The film formation was carried out by using vacuum thermal evaporation and electrodeposition
methods onto ITO substrates. In the first case, the substrate temperature was kept at 298°K during deposition. In
order to achieve high purity thin films, a vacuum chamber was used with a diffusion pump, together with a spe-
cial molybdenum crucible with a double-grid cover. The temperature through the boat was selected in order to
prevent thermal decomposition of the compound. The pressure in the vacuum chamber before the film deposi-
tion was 1 x 10°° torr. For the film electrodeposition, a BAS potentiostat Epsilon model with a BAS 100/W
electrochemical analyzer interface was employed. Tetrabutylammonium was used as support electrolyte in a
12:1 molar ratio, since it has been successfully used in the formation of conductive polymers [23] and the elec-
trochemical deposition of a CoPc film [24]. In this work, ITO substrates were used a working electrodes,
Ag/AgCI as reference electrodes and a platinum wire as counter electrode. In order to determine the potential
window for the 32schronoamperometric deposition, a cyclic voltammetry experiment between the cathodic
(—2.0 V) and anodic (+2.0 V) switching potentials was performed. The final reduction potential for this complex
started at —0.545 V and ended at —1.200 V towards the anodic region, since it produced a similar film thickness
with respect to the evaporation method in order to compare both film properties.

2.3. Film Characterization

The surface morphology and the chemical composition of the electrodeposited films were investigated with a
scanning electron microscope (SEM) JEOL JSM5600 LV. The AFM morphological characterization of the films
was performed ex situ by using the tapping mode in a JEOL JSPM 4210 microscope. The roughness values were
obtained after analyzing the AFM images with the JEOLW inspm Processing software. The conductivity mea-
surements were performed with two different methods in order to investigate preferential conduction directions.
Film transverse conductivity and spectroscopy plots were obtained by using a JEOL JSM4210 scanning tunne-
ling microscope with mechanical cut Pt/Ir tips. For these curves, average measurements were obtained. At least
eight different sites of each film were probe measuring 16 different IV plots in each site. The tunneling condi-
tions were +1 V, 1 nA, where electrons tunnel from filled states of the tip into empty states of the sample. Film
in-plane conductivity measurements were performed with a four-point probe head couple to a 2400 Keithley
source/meter. In a similar way as in the previous case, average measurements are reported. Finally, contact angle
measurements were performed with a Pocket Goniometer PG3 model instrument and ultrapure (Milli-Q) water
in order to investigate the films wettability characteristics. For these results, average values from three different
sites with four different measurements each are reported.

3. Results and Discussion

In Figure 1, the chronoamperometric plot for a 32 s electro deposition time at —1.200 V reduction potential is
shown. From this curve, a characteristics mass-transfer-limited controlled mechanism can be seen. In Figure 2,
scanning electron microscopy images of the films are shown at 8000x. The electrodeposited film obtained from
the —1.200 V reduction potentials showed a homogenous film although the surface coverage is not uniform. De-
fects as pores can be appreciated along the surface as seen in Figure 2(a). The shape of the pores is irregular
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Figure 1. Chronoamperometric plot of the 1,4-GaPc film deposition onto ITO substrates.
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Figure 2. Scanning electron microscopy images of the films at 8000x.

and their sizes vary from 0.1 um to 1.6 um. In Figure 2(b), the film obtained with the evaporation method
showed the highest uniformity and best coverage in contrast with the other deposition technique.

A closer inspection of the surface morphology of the films was performed with an AFM microscope. In Fig-
ure 3, the surface characteristics can be seen. Images are 5 x 5 um. From these figures, the —1.200 V electrode-
posited film (Figure 3(a)) shows an interface with pores and grains in agreement with the SEM image. In Fig-
ure 3(b), the film showed in general a very compact structure although some linear defects attributed to the sub-
strate can be observed. From the z-scale AFM bars, it can clearly be seen that the best film in terms of homo-
geneity and surface coverage corresponded to the evaporated method. Moreover, the roughness values for each
film are 1.2 nm and 0.5 nm, respectively, in agreement with the SEM results. The average thickness of the films
was 55 nm.

As it was mentioned previously, the conductivity measurements were performed in two different directions,
perpendicular and along the film surface in order to investigate preferential conduction paths. In Figure 4, the
averaged I-V plots for the electrodeposited and evaporated films are shown. From this image, the evaporated
film shows the typical trend of an n-type semiconductor around 0 V bias. A small asymmetric band-gap by the
zero conductance region showing a higher current at positive bias, suggests the presence of a small Schottky
barrier. In contrast, the electrodeposited film exhibits a roughly linear conductivity trend in the —1.0, +1.0 inter-
val and around the zero bias voltage suggesting an ohmic behavior.

On the other hand, in order to further investigate the electronic properties of the films, the tunneling conduc-
tance (dI/dV) was plot. It is well know that the dI/dV value corresponds to the local electron density of states
and can give some information on the nature of the electrical conductivity within the film. In Figure 5, the dl/dV



M. Rivera et al.

. Sonm ]
‘0 .‘ 0
@ (b)

Figure 3. AFM tapping mode images of the (a) electrodeposited at —1.200 V and (b) vacuum
thermal evaporated film surfaces. Images are 5 pm x 5 pum.
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Figure 4. Scanning tunneling spectroscopy I-V plot for the electrodeposited and evaporated films
in the =1V, +1 V bias voltage interval.
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Figure 5. Conductance curves (dI/dV) for the molecular films onto ITO. No data smooth-
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plot for each of the films was plotted for comparison. It is worth mentioning that these measurements were per-
formed at room temperature in air in contrast to typical UHV experiments [25], so we focus the analysis in terms
of the shape of the band gap, in the (-1, +1) V interval and around zero bias where no net tunnel current flows
across the junction. From the evaporated curve, a slightly asymmetric U shape around the Fermi level was iden-
tified, which corresponds to a typical semiconductor structure In contrast, the —1.200 V electrodeposited film
shows a semi-flat plot along the interval, showing a very limited constant current flow. Both curves show noise
features due to the acquisition under ambient conditions which are irrelevant in this case for the conductivity
comparison.

From the dI/dV plots and considering the thickness of the films, no peak related features associated to the
molecules are observed, but only the molecular related HOMO and LUMO bands. Moreover, from Figure 5, a
HOMO/LUMO shift towards negative sample bias as well as a small narrowing of the band gap for the evapo-
rated plot is observed, possible due to the film thickness. By measuring the distance between the onset regions at
the HOMO/LUMO zones, a band gap of 1.1 eV was obtained. From the dl/dV electrodeposited film plot, a zero
conductance is observed in the +1, —1 bias voltage interval. These results can be understood in terms of the film
quality. From the SEM images, it is clear that pores were formed in the electrodeposited film. From the charac-
teristics of the pores, they seem to go deep towards the ITO substrate and therefore, defects as voids perpendi-
cular to the film plane can be inferred. These irregularities affect the charge transport in that direction, and
therefore, show a lack of transverse conductivity. On the other hand, because of the high homogeneity of the
evaporated film, the perpendicular conductivity suggests a semiconductor-like behavior. Another aspect to con-
sider is the absence of important peaks in the limited voltage range (£1.0 V) employed. The small oscillations in
the plots are most probably due to mechanical or thermal noise, since the measurements were acquired at am-
bient conditions. Nevertheless, the shape of the di/dV plots is well defined and it shows a semiconductor beha-
vior for the evaporated film and a non-conductive response for the electrodeposited layer in the perpendicular
direction of the film.

By using the four-point probe method, the in-plane conductivity of the film was measured. In Figure 6, the
I-V plots that represent the conductivity of the films obtained by the different deposition methods are shown.
From this image, the evaporated film showed higher resistance in contrast with the —1.200 V electrodeposited
film. The resistance for the evaporated sample was one order of magnitude lower in contrast with the film ob-
tained with the electrodeposited method; that is, 0.34 ohms cm and 8.62 ohms cm, respectively. It is important to
mention that the previous results were normalized and the contribution of the bare ITO substrate was removed in
order to better appreciate the intrinsic resistivity values of the films. From these results, it is clear a lower resis-
tance is found for the charge carriers of the evaporated film in the in-plane direction in contrasts with the elec-
trodeposited one. It has been noticed that the molecular orientation and the molecular overlap of the molecules
within films and heterojunctions, affect significantly the charge transfer, and therefore, the quantum efficiency
of photovoltaic devices. In addition, most photovoltaic arrangements required a charge transfer efficiency to be
optimum in the perpendicular direction to the substrate, so the charge carriers can travel from the anode to the
cathode of the system. So, in particular for organic devices, the donor film must exhibit a semiconductor beha-
vior so the energy band gaps can couple with the energy levels of the other organics layers to improve the charge
mobility. On the other hand, the situation is different for organic films used as sensor devices. In order to have
an optimum absorption, the detector surface area must be high in order to capture the largest possible amount of
analytes, which is optimum along the film parallel to the substrate plane. Since a large conductivity value is re-
quired for this application, a conductor behavior is required in this direction. From our results, it was found that
the evaporated film exhibits a semiconductor behavior perpendicular to the substrate and the electrodeposited
film shows a better charge mobility along the in-plane direction. So it is clear that the deposition technique pro-
foundly affects the conduction direction, and therefore, must be selected with caution when selecting the film
formation technique.

Finally, the wetting properties of the films were studied since this parameter can be important for the subse-
quent deposition of more films or the interaction of the films with the surrounding environment for practical ap-
plications. The contact angle images are shown in Figure 7.

From these images, both films showed hydrophobic nature with contact angles of 98.5 + 0.8 and 101.2 + 0.9
for the electrodeposited and evaporated films, respectively. This result was expected since both, the GaPc mo-
lecule and also the 1,4-diaminobutane molecule, exhibit hydrophobic characteristics, although the difference
among both deposition techniques is very small. It is worth mentioning that a wettability study of vacuum eva-
porated Copper phthalocyanine films onto glass substrates showed hydrophilic properties [26], which suggest
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Figure 6. Four-point probe 1-V plots of the electrodeposited and evaporated films.
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Figure 7. Contact angle images of the (a) electrodeposited at —1.200 V and (b) vacuum
thermal evaporated films.

that not only axially coordinated ligands, but also the type of central metal atom, can affect the surface energy of
the film.

4. Conclusions

Molecular films from GaPcCl axially modified with the 1,4-diaminobutane molecule were synthesized and cha-
racterized. The gallium phthalocyanine films were deposited by using two different methods, vacuum thermal
evaporation and electrodeposition onto 1TO substrates. The information obtained from the absorption spectra in-
dicates that these films absorb light on both sides of the blue-green region. The evaporated films showed better
morphological characteristics with very high homogeneity and low roughness value in comparison with the
electrodeposited films. The contact angle measurements showed hydrophobic surfaces in both cases.

From the conductivity behavior, the evaporated film showed in the perpendicular direction a semiconductor
behavior and an ohmic resistivity along the in-plane film. In contrast, the electrodeposited film, exhibited insu-
lator characteristics through the film in the perpendicular direction and high resistance in the in-plane orientation.
These results can be attributed to the molecular overlap among the molecules within the film as a result of the
presence of the axially coordinated ligand and the deposition method. For instance, in this case, the evaporation
technique can be suitable for optoelectronics applications due to its transverse semiconductor behavior and as
sensor due to its ohmic conductive nature in the in-plane direction. Therefore, the deposition method strongly
influences the conductive characteristics of the films, and therefore, must be considered depending on the spe-
cific application.
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