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México, Mexico 
c Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, Circuito Exterior s/n, Ciudad Universitaria, Coyoacán, 
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A B S T R A C T   

The chemical doping of silicon phthalocyanine dihydroxide (SiPc(OH)2), with (2E, 4Z)-5, 7- 
diphenylhepta-2, 4-dien-6-ynoic acids (DAc) with electron-withdrawing (BrDAc) and electron- 
donating (MeODAc) substituents is the main purpose of this work. Theoretical calculations 
were carried out on Gaussian16 software, with geometrical optimization of all involved species, 
and obtention of the highest occupied molecule orbital (HOMO), lowest unoccupied molecular 
orbital (LUMO), and the respective energy gaps. The theoretical calculations show two hydrogen 
bridge formations: the first one as a peripheral interaction between the terminal oxygen atoms 
from the acid unit and hydrogen atoms from the phthalocyanine aromatic rings. The second one 
as the interaction at the nitrogen atoms of the phthalocyanine, which are compelled to form a new 
flat plane far from the original flat phthalocyanine deck. These organic semiconductors were 
deposited as thin films and characterized by IR spectroscopy, atomic force microscopy (AFM), and 
the optical parameters were gathered from UV–Vis studies. The indirect and direct optical band 
gap, the onset gap and the Urbach energy were obtained. In order to compare the effect of the 
acids as dopants of the silicon phthalocyanine, the SiPc(OH)2-DAc films were electrically char-
acterized. The SiPc(OH)2-DAc films exhibit an ambipolar electrical behavior, which is influenced 
by the incidence of different lighting conditions at voltages above 0.3V. The glass/ITO/SiPc 
(OH)2-MeODAc/Ag reaches a maximum current of 5.68 × 10− 5 A for natural light condition, 
while the glass/ITO/SiPc(OH)2-BrDAc/Ag, reaches a maximum current of 9.21 × 10− 9 A for 
white illumination condition.   

* Corresponding author. 
E-mail addresses: elena.sanchez@anahuac.mx (M.E. Sánchez Vergara), esandoval@anahuac.mx (E.I. Sandoval Plata), ricardoballinas1989@ 

gmail.com (R. Ballinas Indili), salcevitch@gmail.com (R. Salcedo), cecilio@unam.mx (C. Álvarez Toledano).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e25518 
Received 23 August 2023; Received in revised form 24 January 2024; Accepted 29 January 2024   

mailto:elena.sanchez@anahuac.mx
mailto:esandoval@anahuac.mx
mailto:ricardoballinas1989@gmail.com
mailto:ricardoballinas1989@gmail.com
mailto:salcevitch@gmail.com
mailto:cecilio@unam.mx
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e25518
https://doi.org/10.1016/j.heliyon.2024.e25518
https://doi.org/10.1016/j.heliyon.2024.e25518
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e25518

2

1. Introduction 

Intensive research has been carried out in recent years in the field of organic semiconductors, mainly focused on their application in 
electronic, optoelectronic, and photovoltaic devices. Organic semiconductors have not yet reached the prominence of inorganic 
semiconductors such as silicon, since the latter exhibit greater efficiencies and higher values of charge mobilities in their devices. 
However, their easy processing, the possibility of coating flexible surfaces, and their low cost make organic semiconductors attractive 
to be extensively used in electronics. In contrast with inorganic materials, the optical and electrical properties of organic semi-
conductors can be mainly attributed to their chemical structure, as they do not require an ordered crystal formation [1]. Organic 
semiconductors, on the other hand, need a conjugated structure to be able to take part in charge transport effectively [2,3]. The nature 
of their π orbitals allows the stabilization of the electronic charge by resonant effect and facilitates intermolecular interactions by the 
overlapping of its orbitals, which favors charge transport. Therefore, the adequate choice of an organic base structure plays an 
influential role in the design of novel organic semiconductor materials. Another advantage of these semiconductors is the ease of 
manipulating their properties by functionalization or introduction of substituents during their chemical doping. 

Inside the organic semiconductor field, phthalocyanines (Pcs) serve as organic conjugated molecules that can be doped to be 
applied in optoelectronics and photovoltaics devices [4]. Pcs are also known as tetrabenzotetraazaporphyrins, as they are synthetic 
porphyrin analogs differing just on the four benzo-subunits and bonding nitrogen at the meso positions [5]. Pcs exhibit aromaticity due 
to their planar 18 π-electron array, which also encourages self-aggregation onto ordered molecular stacks. They are composed by four 
imine-bridged isoindole subunits on a ring formation with a central cavity similar to porphyrins, which can accommodate about 70 
different elemental ions [5,6]. The incorporation of usually one +2 or two +1 metal cations into the cavity through oxidation of the 
Pc2− dianion, or by metal ion inclusion during the macrocycle synthetic route, gives rise to the Metallo-phthalocyanine derivatives 
(MPcs) [5]. MPcs exhibit many interesting properties and applications in numerous fields, such as industrial colorants, optoelectronics, 
photovoltaics, organic semiconductors, and medicinal chemistry, amongst others, aided by their chemical flexibility for structural 
modification and adjustment of these properties [7–9]. Such properties are mainly attributed to the highly ordered intermolecular 
planar face π–π stacking interactions such as dimerization or aggregation in between adjacent MPc molecules, which delocalize 
electrons along the central column axis π–π orbital overlaps. This leads to fluorescence quenching and a broad absorption Q-band of 
650–670 nm in the visible spectrum, which provides MPcs their characteristic blue-shifted hues even on very dilute solutions [7,8]. 
Nevertheless, some MPc derivatives of interest are not able to form aggregates on account of structural features such as axial or bulky 
peripheral substitutions, which avoids a proper π–π orbital overlapping, exhibiting sharper peaks of UV–vis absorption and emission, as 
well as more intensive photoluminescence, since there is no formation of a conduction band [7,8]. 

An attractive group of Pcs are Si(IV) incorporated MPcs, due to the low toxicity and elemental abundance of silicon, in addition to 
their low energy gap (~1.7 eV) [10]. Silicon phthalocyanine compounds (SiPcs) have been extensively studied for their intense ab-
sorption levels in the visible portion of the spectrum [11,12]. Unlike most MPcs and other core-substituted Pcs, silicon phthalocyanines 
(SiPcs) bring additional possibilities, as their hexacoordinated core-substituent Si(IV) ion allows the two additional axial substitution 
positions beyond only the peripheral ring α and β Pc positions, in addition to the great Si–N bond stability [9,13]. Substituents at these 
axial positions tend to disturb planarity, therefore reducing aggregation and hydrophobicity and thus diminishing the π–π stacking and 
improving photophysical properties [7,9]. The axial ligands can be employed as pivotal handles for fine regulation of SiPcs charac-
teristics as desired and give control over the optoelectrical properties of the SiPcs characteristics as desired and give control over the 
optoelectrical properties of the material [9,14]. For example, R2-SiPc where R can be siloxide or aryloxide ligands have been applied as 
fluorophores and chromophores in dye-sensitized solar cells and organic light emitting diodes [10]. Also, some studied SiPc derivatives 
have been PhCOO-SiPc, NpCOO-SiPc, AnCOO-SiPc and Cl2-SiPc as components of organic thin-film transistors [14]. Besides, SiPcs 
with axial oxygen-terminated ligands (siloxide, aryloxide, and carboxylate) have been applied as photosensitizing agents in photo-
dynamic therapy due to their photophysical characteristics, their bio-inertness and chemical stability [10,15]. On the other hand, 
different fluorophenoxy substituents in SiPc, were employed as electron donors and acceptors in organic photovoltaic devices [15]. 
The insertion of electron-withdrawing and -donating moieties can modify the optoelectronic behaviour of SiPcs [8,9,15,16]. 

The structural fine-tuning of SiPcs is mainly achieved by means of two precursors: SiPcCl2 and SiPc(OH)2, this latter synthesized 
from the first [13,17]. With this in mind, this work proposes the study of SiPc(OH)2 as an active layer in which radiation emission takes 
place after the encounter of holes and electrons, in optoelectronic devices. SiPc(OH)2 has been little studied as an organic semi-
conductor in an active layer, and its structure with symmetrical ligands can display interesting optical and electronic properties. For 
the manufacture of the active layer, an innovative dopant of SiPc(OH)2 which behaves as a p-type semiconductor [18] is proposed: the 
(2E, 4Z) dienynoic acids that show an n-type semiconductor behaviour. Doping is expected to improve the efficiency of the device by 
modifying the conductive properties of phthalocyanine and allowing more efficient charge transport in SiPc(OH)2-DAc films. The 
physical properties of both (2E, 4Z) dienynoic acids are similar, with a reported crystalline structure and X-ray diffraction analysis only 
for Br-DAc [19]. The structural arrangement exhibits the (E,Z) double bond conformation in the formation of dienynoic acid, the (2E, 
4Z) dienynoic acids have high thermal stability. A push-pull system is allowed by the inclusion of bromide, where the carbonyl pulls, 
and the triple bond donates electronic density to partially compensate for electronic dislocation. Since halogens have the property of 
being an electron-donating group by resonant effect and an electron-withdrawing group by induction, they are capable of producing a 
molecule with a semiconductor behaviour [19]. The importance of the present work is focused on three relevant aspects, the study of 
(i) the effect of the acid as a dopant, in the SiPc(OH)2, (ii) the deposit of SiPc(OH)2-DAc films with optical and electrical properties, and 
(iii) the complementation of the obtained experimental results, with the theoretical calculations obtained employing Density Func-
tional Theory (DFT), which will allow to analyse the interaction between the SiPc(OH)2 and the acids, as well as the obtaining of the 
HOMO, LUMO, and the band gaps of these organic semiconductors. 
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2. Experimental 

Silicon phthalocyanine dihydroxide (SiPc(OH)2: C32H18N8O2Si) was acquired from Sigma-Aldrich and required no additional 
purification. The (2E, 4Z)-5, 7-diphenylhepta-2, 4-dien-6-ynoic acids (Br-DAc and MeO-DAc) were obtained as specified by previously 
detailed procedures by some of the authors of this work [19]. Chemical doping was carried out on two mixtures of SiPc(OH)2 and a DAc 
(see Fig. 1), prepared under the mass ratio of 2:1 respectively in the common solvent MeOH. The synthesis was performed in a heated 
Monowave 50 reactor under controlled time, temperature, and pressure; employed with a borosilicate glass vial and shut by a cover 
with a temperature sensor and 20 bar of integrated pressure. The reactions were maintained for 30 min before system temperature and 
pressure were brought back to normal atmospheric conditions. The products of the reactions were washed with MeOH and then dried 
under vacuum conditions to obtain the doped semiconductors as powders. As a preliminary discernment of the doped semiconductors 
from their doping reagents, chemical characterization was carried out by IR spectroscopy with a Nicolet iS5-FTIR spectrometer in 
spectroscopic grade KBr pellets on wavelengths of 4000 to 400 cm− 1. Additionally, an optical absorbance analysis for the doped 
semiconductors, was conducted on a UV–vis 300 Unicam spectrophotometer in 10− 5 M MeOH solutions. 

For further optical and electrical characterization of the doped semiconductors (SiPc(OH)2-DAc) as well as undoped SiPc(OH)2 in 
solid state, thin films were deposited via high-vacuum sublimation method onto four substrates each: high-resistivity monocrystalline 
n-type silicon wafer, Corning glass slide, indium tin oxide (In2O3⋅(SnO2)x) coated polyethylene terephthalate film (PET-ITO), and 
indium tin oxide coated glass slide (glass-ITO). For greater film adherence and performance, Si substrates were cleansed; with a “p” 
(10 mL HF, 15 mL HNO3, 300 mL H2O) solution. Likewise, glass-ITO and Corning glass cleansing were performed by sequential ul-
trasonic processes under chloroform, MeOH, and acetone solvents, followed by vacuum drying. Sublimation was conducted inside a 
high vacuum chamber, composed by a mechanical pump for a first vacuum of 10− 3 Torr and a turbo-molecular pump for the final 
vacuum of 10− 6 Torr. Undoped SiPc(OH)2 and SiPc(OH)2-DAc powders were individually placed in a molybdenum crucible inside the 
chamber and heated to a gaseous state phase change, to finally be deposited onto the room temperature substrate slides upon contact, 
with deposition rates of 3.7, 15.4, and 8.3, Å/s for SiPc(OH)2, SiPc(OH)2-BrDAc, and SiPc(OH)2-MeODAc respectively. The thicknesses 
of the films were recorded by a high-resolution quartz-crystal microbalance monitor connected to a thickness sensor, resulting in final 
thicknesses of 84, 192, and 159 Å respectively. To confirm the absence of chemical degradation during the sublimation process, the 
films coated on n-type Si wafer was analysed by IR spectroscopy. Topographical characteristics were investigated with a Nano AFM 
atomic force microscope using a Ntegra platform for the films deposited on the Si wafer substrate. UV–Vis absorbance and trans-
mittance spectra of SiPc(OH)2-DAc films on Corning glass substrates at 190–1100 nm wavelengths, employing an UV–vis 300 Unicam 
spectrophotometer as a means to calculate optical band gaps. For electrical-behaviour characterization of SiPc(OH)2-DAc films, simple 
devices were prepared according to the scheme in Fig. 1, the ITO was utilized as an anode, and the Ag onto the semiconductor film 
acted as cathode. The silver cathodes were located in two different zones of each film, in order to verify the current-voltage mea-
surements. The glass/ITO/SiPc(OH)2-DAc/Ag were measured by the four collinear-probe methods on a Keithley 4200-SCS-PK1 voltage 
source with an auto-ranging pico-ammeter, under controlled lighting by a Next Robotics controller circuit. The lighting conditions 
were given using LEDs with the following characteristics: UV (2.70 eV), blue (2.64 eV), green (2.34 eV), yellow (2.14 eV), orange (2.0 
eV), red (1.77 eV), in addition to ambient light and darkness. 

3. Computational method 

Computational calculations were carried out on several of the molecules belonging to this study. A hybrid method which combines 
the Becke gradients correction [20] which performs the exchange with the Perdew and Wang subroutines for correlation [21] (i.e. 
B3PW91) was chosen. This hardware is found in the Gaussian package which was used [22]. The method M06 [23] which has 
demonstrated its utility for special cases [24] was applied to obtain the molecular orbitals and the simulation of spectra. In all cases the 
basis 6–31g** was used and also frequency calculations were carried out in order to assure the minimum of energy in the potential 
energy surface. 

Fig. 1. SiPc(OH)2-DAc device for electrical characterization.  
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4. Results and discussión 

4.1. Theoretical results 

The interaction of SiPc(OH)2 and DAc was theoretically studied in order to assess the type of semiconductor behavior that SiPc 
(OH)2-DAc structures could demonstrate, in terms of their HOMO and LUMO. In devices such as diodes or solar cells, it is necessary to 
consider that the anode injects holes toward the HOMO of the organic semiconductor, whereas from the cathode, the electrons are 
injected toward its LUMO. Therefore, active layers with energetic values of their HOMO and LUMO orbitals are required, as aligned as 
possible with the electrode work function of the device. The analysis reported in this section is focused on the interaction of the 
phthalocyanine which bears OH- groups substituted on the central Si atom with both derivatives of the dienynoic acid, the one with the 
weak electro-donating substituent (BrDAc) and the one with strong electro-donating substituent (MeODAc). In both cases the for-
mation of hydrogen bridges was identified, thus they were calculated using the Grimme software yielding the following results. There 
are two cases in where hydrogen bonds can be formed, in the first one there are peripheral influence between hydrogen atoms from the 
phthalocyanine aromatic rings and the terminal oxygen atoms from the acid units (Fig. 2a) or the bromine atom of BrDAc (Fig. 2b). The 
second one is the interaction of the nitrogen atoms of the phthalocyanine and terminal hydrogen atoms from the acid (Fig. 2c), which 
are compelled to form a new flat plane far from the original flat phthalocyanine deck or between the hydrogen from methoxy group 
MeODAc (Fig. 2d). All the possibilities are shown in Fig. 2 and the bond length values and energy of hydrogen bridges are shown in 
Table 1. These assembled hydrogen bonds play a very important role because they keep the structures of phthalocyanine and acid 
together and unaltered, this enhances the mobility of charge carriers, thanks to molecular stacking. Hydrogen bonding decreases the 
separation between SiPc(OH)2 and acid originating interesting improvements such as greater charge transport, increased thin film- 
forming properties and higher white light emission efficiency [25]. These results are of importance because according to the litera-
ture [9], the acid is expected to interact with phthalocyanine at the axial hydroxides or at the phthalocyanine ring (α) and (β) positions. 
However, in this case, the SiPc(OH)2-acid interactions take place at different sites, which will modify the optical behavior of the 
semiconductor phthalocyanine [9]. 

The energies of HOMO and LUMO have a remarkable role in electrical and photonic properties [26,27]. The HOMO-LUMO en-
ergetic interval or band gap in organic semiconductors, is consequence of intermolecular charge transfer from electron-donating 

Fig. 2. Hydrogen bridges; (a) between terminal hydrogen from phthalocyanine and carboxylic oxygen of acid derivatives, (b) between terminal 
hydrogen from phthalocyanine and bromine atom of BrDAc, (c) between nitrogen atoms from phthalocyanine and terminal hydrogen atoms from 
acid analog and finally (d) between the hydrogen from methoxy group MeODAc and nitrogen from phthalocyanine. 
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towards electron-accepting groups [26]. The molecular orbitals HOMO, LUMO, and the band gap analysis indicate that the electronic 
behavior of the composed complexes emerges only from phthalocyanine. Table 2 shows the corresponding energy gap values in free 
molecules as well the formed complexes. If it is considered that the energy gap is related to the ability of electrons to jump from HOMO 
to LUMO, and if the band gap is smaller, then the semiconductor capacity of the material is greater, Table 2 shows that the precursors 
SiPc(OH)2 and the (2E, 4Z) dienynoic acids have a higher energy gap than the doped structures SiPc(OH)2-BrDAc and SiPc 
(OH)2-MeODAc. This is indicative of increased charge transport in the doped phthalocyanine, which can be verified experimentally. It 
is noteworthy that the 2 eV energy gap obtained for the SiPc(OH)2-DAc structures, sets them as semiconductor materials. It is also 
considerable that the obtained values for the HOMO, the LUMO and the band gap have the same order of magnitude as obtained by Pal 
et al. [10] for silicon phthalocyanine carboxylate esters and by Solgun et al. [26] for bis-(3,4-dimethoxyphenethoxy) axially 
substituted silicon phthalocyanine groups. 

Regarding Fig. 3, the molecular orbital shapes suggest almost all the electronic flux is found on the plane of the phthalocyanine 
species. Fig. 3 shows two examples of the HOMO-LUMO set for two cases, the one of the SiPc(OH)2-BrDAc (Fig. 3a), with lateral 
hydrogen bridge and the one of the methoxy derivative SiPc(OH)2-MeODAc (Fig. 3b) with the surface interaction. Nevertheless; the 
decrease of the energy gap in the two doped species with respect to the energy gap of the pristine SiPc(OH)2, evidences both the 
positive effect on the transport of charges of the hydrogen bond that links the phthalocyanine to the acid, and of the effect of this n-type 
electron donor dopant on the semiconductor structure. The transfer of electrons and the dissociation of the exciton between both 
compounds is ensured, since the energy level of the LUMO orbital of BrDAc acid, considered as the electron donor, is 0.3 eV above the 
LUMO orbital of phthalocyanine, and in the case of MeODAc acid is 0.9 eV above SiPc(OH)2 [28]. There are additional factors such as 
polarity, which can alter the compound charge transport characteristics in a device. Fig. 3c–d shows the mapped electrostatic potential 
onto the electron densities of SiPc(OH)2-DAc species. The red regions depict the electronegative poles and are defined as the elec-
trophilic region, localized on the carboxylic region of the acid. On the other hand, the zones depicted in blue correspond to the most 
positive parts and constitute the nucleophilic region [28], which is located in one of the phthalocyanine rings. However, the exper-
imental study is necessary to completely describe the distribution and transport of charges in SiPc(OH)2-DAc semiconductors. 

4.2. Doping and characterization of SiPc(OH)2-DAc 

Theoretical IR results (Fig. 4a and b), indicated the feasibility of conducting experimental doping of the semiconductors SiPc(OH)2- 
DAc. Following the chemical doping, the main functional groups of the compounds were characterized via IR spectroscopy in order to 
verify if the doping of the phthalocyanine with the acids was properly carried out. The IR spectra performed in the KBr pellets (Fig. 4c 
and d) and those theoretically obtained were compared and concur well together; both are shown in Fig. 4. For the SiPc(OH)2 the band 
present at 1612 ± 1 cm− 1 corresponds to the C=C isoindole stretching [29–32], whereas the bands at 1122 ± 4 cm− 1 and 910 ± 2 
cm− 1 are assigned to the in-plane and out of plane C–H bending deformations respectively [29–32]. The bands attributed to the 
in-plane stretching vibration of pyrrole are visible at 1330 ± 3 cm− 1 for the phthalocyanine ring, and at 1164 ± 2, for the C–N in 
isoindole [29–32]. Also, the signal around 777 ± 1 cm− 1 corresponds to the β-form in SiPc(OH)2 [30,33]. This crystalline β-form 
generates an angle θ = 45.8◦ comprised between the axis of symmetry normal to the phthalocyanine plane, and an axis along the 
stacking direction of the phthalocyanine molecules [30,33]. Regarding the presence of the dienynoic acids BrDAc and MeODAc, the IR 
spectra of Fig. 4 and Table 3 demonstrate their characteristic signal, corresponding to the vibration of the C=O (1680 ± 2 cm− 1) [20]. 
The signals of COO–H, and the internal alkyne C≡C are absent from the calculated spectrum, however, the present phthalocyanine 
signals and the C=O signal of the DAc acids, indicate that the doping process was performed. The good accordance between exper-
imental and theoretically obtained IR spectra evidences the viable approach that the calculations represent to this study. 

In order to analyse electronic transitions within the SiPc(OH)2-DAc semiconductors, a UV–vis spectroscopy study was conducted. 
Phthalocyanines are highly optically stable compounds, which absorb electromagnetic radiation from the visible spectrum portion. 
The SiPc(OH)2 UV–vis spectrum of chromophore presents two bands, the Q-band correspondent to the red hues of the spectrum and the 

Table 1 
Bond length values and energy of hydrogen bridges for SiPc(OH)2-DAc structures.  

Molecule Bond length (Å) Energy (kcal/mol) 

(a) 2.51 36.2 
(b) 3.13 31.1 
(c) 3.2 23.5* 
(d) 2.85 30.7  

Table 2 
HOMO, LUMO, and Energy gap of SiPc(OH)2-DAc and precursors.  

Molecule HOMO (eV) LUMO (eV) Energy gap (eV) 

SiPc(OH)2 − 5.2 − 2.9 2.3 
BrDAc − 5.9 − 2.6 3.3 
MeODAc − 5.6 − 2.0 3.6 
SiPc(OH)2-BrDAc − 4.95 − 2.88 2.07 
SiPc(OH)2-MeODAc − 5.2 − 3.2 2.0  
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B-band in the near UV region [10,30], caused by its 18-π electrons conjugated aromatic cycle. The Q band is associated with π→π* 
HOMO-LUMO between orbitals of au and bg symmetries [31,33–36], and the B band is caused by electronic π→π* related transitions of 
higher energy, from occupied orbitals of bu and au symmetries less energetic than the LUMO [29,33–36]. According to the spectrum 
obtained in 10− 5 M MeOH solution, shown in Fig. 5a, SiPc(OH)2 presents the two characteristic bands, Q and B at 670 and 330 nm 
respectively. In other context; SiPc(OH)2-BrDAc and SiPc(OH)2-MeODAc spectra have much lower absorbance than for pristine SiPc 

Fig. 3. Frontier HOMO and LUMO from the organic semiconductor (a) SiPc(OH)2-BrDAc and (b) SiPc(OH)2-MeODAc. Electrostatic potential 
mapped onto the electron densities of (c) SiPc(OH)2-BrDAc and (d) SiPc(OH)2-MeODAc from B3PW91/6-31G** calculations. 

Fig. 4. (a, b) Calculated IR spectrums and (c, d) Experimental IR spectrums of SiPc(OH)2-DAc in KBr pellet and films.  
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(OH)2. These spectra presents similarities with respect to the UV–vis spectrum reported by Vebber et al. [37] for silicon phthalocyanine 
ternary additives, the one reported by Honda et al. [38] for silicon naphthalocyanine bis(trihexylsilyl oxide), that reported by Grant 
et al. [39] for bis(tri-n-propylsilyl oxide) silicon phthalocyanine and that reported by Melville et al. [40] for bis(pentafluorophenoxy) 
silicon phthalocyanine and bis(2,4,6-trifluorophenoxy) silicon phthalocyaninde. However, in the SiPc(OH)2-BrDAc (Fig. 5b) and SiPc 
(OH)2-MeODAc (Fig. 5c) spectra, only the Q band is observed slightly bathochromically shifted. The shift towards longer wavelengths 
may be attributed to the strong electronic interactions between the acid and SiPc(OH)2 [41], which reduces the aggregation and hence 
changes the absorption. Another important observation is that in a similar way in the doped semiconductors spectra, a vibronic band or 
the peak called shoulder at 606 ± 3 nm [41] is presented. In terms of UV–vis study, the acid dopant has a remarkable effect on the 
optical properties of the Pc ring, decreasing the overall absorbance in the doped semiconductors, red shifting the Q band, and 
inhibiting the presence of the B band. Finally, as seen in Fig. 5, the organic semiconductors exhibit non-aggregation behavior, which is 
relevant for its potential use as a photosensor. 

4.3. Deposition and characterization of semiconductor films 

With the aim of analyzing its solid-state properties, SiPc(OH)2-BrDAc and (c) SiPc(OH)2-MeODAc can be deposited in thin films. 

Table 3 
Characteristic FT-IR bands for SiPc(OH)2-DAc in KBr pellets and films.  

Assignation SiPc(OH)2 - BrDAc 
Pellet 

SiPc(OH)2 - BrDAc 
Film 

SiPc(OH)2 - MeODAc 
Pellet 

SiPc(OH)2 - MeODAc 
Film 

ν (CH) cm− 1 1122, 910 1124, 910 1123, 911 1126, 912 
ν (C]C) cm− 1 1611 1613 1612 1611 
ν (C–N) cm− 1 1163 1163 1163 1166 
ν (C]N) cm− 1 1333 1333 1335 1336 
β- form cm− 1 776 777 776 778 
v (COO–H) cm− 1 2933 2937 2970 2962 
v (C ^ C) cm− 1 2197 2199 2193 2192 
v (C]O) cm− 1 1682 1675 1681 1679  

Fig. 5. UV–vis spectra of (a) SiPc(OH)2, (b) SiPc(OH)2-BrDAc and (c) SiPc(OH)2-MeODAc in 10− 5 M MeOH solutions.  
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After carrying out the deposition of the SiPc(OH)2-DAc films, IR spectroscopy was performed to (i) determine if high vacuum subli-
mation is a useful approach for the deposition of thin films, and whether or not there is a decomposition of the compounds that 
constitute the films and (ii) knowing the α or β crystalline form of SiPc(OH)2 after deposition. When comparing the IR spectra of the 
doped semiconductors on the KBr pellet and on the film (Fig. 4c and d), similar signals are observed. The IR spectroscopy results for the 
deposited films, which are also summarized in Table 3, reveal that SiPc(OH)2-DAc deposited by evaporation under high vacuum, are 
thermally stable and do not undergo decomposition during their deposition process. On the other hand, the IR spectrum presents the 
signal at 777 ± 1 cm− 1, characteristic of the β-form of phthalocyanine [30,33]. The β-form exhibits an angle of 45.8◦ with respect to an 
axis b, along which the columns of molecular stacking are formed [42]. 

On the other hand, the surface of the films was topographically studied by means AFM, which, as seen in Fig. 6, demonstrate a very 
different appearance from each other. As the film deposition was conducted under the same conditions of vacuum, temperature, and 
type of substrates, the difference in their topography is a consequence of the type of substituent in the acid structure. The substituent 
influences the stacking process of the molecules, which also influences their rate of deposition. The SiPc(OH)2-BrDAc film (see Fig. 6a) 
has a higher deposition rate (15.4 Å/s) than the SiPc(OH)2-MeODAc film (see Fig. 6b) (8.3 Å/s), and its RMS (Root Mean Square) 
roughness is also higher: 22.66 nm against the RMS of 12.19 nm respectively. The SiPc(OH)2-BrDAc film is deposited more quickly in 
preferential sites, which induces a greater formation of nuclei, which grow quickly and with no time to achieve an ordered 
arrangement. This is reflected in the higher roughness than that obtained in the SiPc(OH)2-MeODAc film. It is to be expected that this 
last film exhibits better conditions of electric charge transport. 

The films were also evaluated by UV–Vis spectroscopy, to determine their main optical parameters such as the transmittance, 
absorption coefficient, the photon’s energy, the optical band gap, and the Urbach energy. Concerning the transmittance plotted in 
Fig. 7a, it is observed that the pristine phthalocyanine exhibits greater transparency than the doped films. This transmittance of about 
65 % for wavelengths between 480 and 550 nm and 70 % for wavelengths greater than 770 nm is less than that reported for other 
phthalocyanines with axial ligands such as TiPcCl2 [43] and SnPcCl2 [32]. On the other hand, doped films have a maximum trans-
mittance of 50 % for SiPc(OH)2-MeODAc and 26 % for SiPc(OH)2-BrDAc as a result of the presence of acids. These dopants favor the 
absorption in the films and significantly lower their transparency. Fig. 7b shows the absorbance spectrum for SiPc(OH)2, SiPc 
(OH)2-BrDAc and SiPc(OH)2-MeODAc films. The phthalocyanine absorbance spectrum arisen from the orbital overlapping from the 
silicon atom and its 18 π-electron orbital system [44–46]. Additionally, for all the films the Q-band appears between 1.7 and 2.4 eV in 
the visible region. For the SiPc(OH)2-MeODAc and SiPc(OH)2-BrDAc films, the Q-band band consists of a shoulder referred to the π-π* 
phthalocyanine transition [45]. The B-band can be perceived in the UV region, at the photon energy range from 2.68 eV to 3.12 eV. 
According to El-Damhogi et al. [44] the B-band is ascribed to the π-π* transition and, a split in it has been described as the Davydov 
splitting (ΔB), equal to 0.22 eV for SiPc(OH)2 film, 0.09 eV for SiPc(OH)2-MeODAc film and 0.11 eV for SiPc(OH)2-BrDAc film. The 
splitting depends on the angle dipole moment transitions and the lengths in between an interacting number of adjacent molecules [44, 
47]. Finally in the absorbance spectra is showed that when the SiPc(OH)2-MeODAc and SiPc(OH)2-BrDAc films are exposed to ul-
traviolet rays, the absorbance increased. Dieninoic acids MeODAc and BrDAc increase the absorbance of doped films, which can be 
reflected in a higher absorption coefficient (α). 

The α of a solid characterizes the films on the intensity attenuation of the photon by traversed thickness. Regarding the absorption 
of SiPc(OH)2-DAc films, its absorption coefficient (α) is experimentally obtained from equation (1): 

α= ln(T / d) (1)  

Where T is the transmittance, and whose spectra are presented in Fig. 7a, and d is the film thickness recorded in Table 4. Regarding the 
photon’s energy (hν), h is Planck’s constant, and ν is the frequency obtained from equation (2): 

ν= c
λ

(2)  

Where λ is the UV–vis spectral wavelength, and c is the speed of light. The parameter α is presented graphed with respect to the hν in 
Fig. 8a. The Q-band and B-band of phthalocyanine appear well differentiated and as expected, with a higher absorption coefficient for 
the SiPc(OH)2-DAc films. A requirement for the appropriate performance of a film in an optoelectronic device is its absorption capacity 
as a minimum, which is related to electronic delocalization in its molecular structure. In this case, α is in the range 106 cm− 1, sup-
porting its potential as an absorbent material for solar and optoelectronic applications [48]. 

In order to compare the experimental result with the theoretically calculated energy gap the optical band gap (Eopt) was evaluated 

Fig. 6. AFM images of (a) SiPc(OH)2-BrDAc and (b) SiPc(OH)2-MeODAc films.  
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from the x-axis intercept at (αhν)n = 0, from the plot of (αhν)n dependence with respect to hν (Fig. 8b–d). The number n characterizes 
the transition process, with n = 2 and n = 1/2 for indirect and direct allowed transitions respectively [49–52]. Table 4 shows the Eopt 

obtained values for both indirect and direct transitions. It is noticed that the presence of the acid reduces both the Eopt and the onset gap 
(Eonset) in the films, which increases their potential as organic semiconductors. The Eopt value corresponds to the lower-energy tran-
sition produced by a photon absorption, and Eonset is ascribed to the optical absorption onset and the origin of a bound electron-hole 
pair, or “Frenkel exciton” [53,54]. Both values of Eonset and Eopt are shown in Fig. 8. The minimal difference between indirect and direct 

Fig. 7. (a) % Transmittance and (b) Absorbance of SiPc(OH)2 and SiPc(OH)2-DAc films.  

Table 4 
Thickness, onset gap, optical gap, and, Urbach energy for SiPc(OH)2 and SiPc(OH)2-DAc films.  

Sample Thickness 
(cm) 

Indirect Onset gap 
(eV) 

Indirect Optical gap 
(eV) 

Direct Onset gap 
(eV) 

Direct Optical gap 
(eV) 

Urbach energy 
(eV) 

SiPc(OH)2 8.4 × 10− 7 2.50 3.61 – 4.39 0.2528 
SiPc(OH)2- 

MeODAc 
1.59 × 10− 6 1.76 1.88 1.73 1.93 0.1546 

SiPc(OH)2-BrDAc 1.92 × 10− 6 1.75 1.87 1.80 1.98 0.1565  

Fig. 8. (a) Absorption coefficient (α) for semiconductors films. Tauc curves for direct and indirect transitions for (b) SiPc(OH)2, (c) SiPc(OH)2- 
MeODAc and (d) SiPc(OH)2-BrDAc films. 
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band gaps values for the SiPc(OH)2-DAc films arises from the substituent present within the dienynoic acids’ structure. Bromide is an 
electronegative substituent; therefore, it behaves as an electron-withdrawer due to an inductive effect and as a weak electron-donor 
due to a resonant effect. The methoxy group on the other hand, is an electron-donor due to resonance (as oxygen has lone pairs that can 
enter the ring). The lone pair on the oxygen atom is suitably located in order to increase electron density and allow delocalization 
within the conjugated ring system, for better positive charge stabilization. This result is important because, if these semiconductors 
films are to be applied in optoelectronic or photovoltaic devices, it is relevant that the acid dopants have an electro-donating sub-
stituent in their structure. Furthermore, Table 4 shows that Eopt values are lower for indirect transitions, which is related to the 
amorphous structural arrangement of the films. This amorphous structure in the films is due to the technique used for its deposit. The 
thermal gradients between the powdered semiconductors and the substrates are very large, which means that when they come into 
contact, the semiconductor is rapidly deposited without the possibility of ordering its molecules during the formation of the film. These 
results match with those found by El-Damhogi et al. [44] in silicon phthalocyanine dichloride thin films. It is also noteworthy that the 
optical gap values both direct and indirect, obtained for SiPc(OH)2-MeODAc and SiPc(OH)2-BrDAc, are very similar to those reported 
by Vebber et al. [37] (1.80–1.82 eV) and Melville et al. [40] (1.7–1.8 eV). These optical gap values make SiPc(OH)2-DAc films good 
candidates for use in optoelectronic devices. 

To assess defects in the energy gaps, the Urbach energy (EU) can be determined according to equation (3) [55,56]: 

α=Aa exp
(

hv
EU

)

(3)  

where besides the parameters defined earlier, Aa is a material coefficient which constitutes the α at the Eopt. The exponential absorption 
edge can be explained owing to the exponential local state distribution in the bandgap [55]. Fig. 9a–c shows the linear relationship of 
ln(α) and hν for the films. The Urbach energy values were obtained from the reciprocal of the linear relationship slopes and recorded in 
Table 4. These results also coincide with those found by El-Damhogi et al. [44] in silicon phthalocyanine dichloride thin films. It is 
important to consider that in a perfect semiconductor the value of EU should be zero [48]. The higher EU belongs to the SiPc(OH)2 film 
and the lower EU to the SiPc(OH)2-MeODAc film. Apparently, the MeODAc doped film exhibits the best semiconducting behavior with 
the smallest number of defects in comparison to the other films. However, the Eonset and Eopt has a values very similar to that of the SiPc 
(OH)2-BrDAc film. This is an indication of the potential of both films to perform as active semiconductor layers in photovoltaic and 
optoelectronic devices. 

Finally, the electrical behavior of the SiPc(OH)2-DAc films was evaluated and compared, to obtain the current-voltage (I–V) 
relationship under diverse lighting conditions of these organic semiconductors. Fig. 1 shows the scheme of the glass/ITO/SiPc(OH)2- 
DAc/Ag simple system manufactured for this purpose, where the SiPc(OH)2-DAc film is located between the ITO and Ag electrodes. 
The electrical measurement was carried out in two different zones of each film, without remarkable changes in the electrical current 
values. The objective of this measurement was to know the charge transport of the two doped films, in order to compare the effect that 
each acid has on each of the semiconductor films. The undoped SiPc(OH)2 film was taken as a reference or baseline, whose I–V graph is 
presented in Fig. 10. This is because in semiconductor materials, it is convenient to compare the electric current carried by the intrinsic 
or undoped semiconductor and the current carried by same semiconductor but in the doped state. With the above, the effect of the 
dopant can be known. 

In Fig. 10, depending on the provided voltage, two different electrical conduction mechanisms can be observed. The first one, at V 
< 0.24 V, is ohmic behavior; the linear relationship between the I and V is observed. At V > 0.24 V, the space charge limited current 
(SCLC) mechanism is present. This change in behavior is due to the fact that, as the voltage increases, a circumstance is reached where 
the charge carriers lag behind in pace, and they accumulate in different regions of the film. The ITO/SiPc(OH)2/Ag device enters the 
SCLC regime, which is no longer described by Ohm’s law. This electrical behavior coincides with the results obtained by El-Damhogi 
et al. [57] for SiPc(Cl)2 films, where silicon appears with the same coordination state, and the substituents tend to present the same 
type of behavior in the phthalocyanine molecule. On the other hand, in Fig. 10 it is observed that the intrinsic SiPc(OH)2 film is not 
affected by the different lighting conditions. The only difference is in its behavior in dark conditions, where although the current 
transported is lower in the range dominated by SCLC, at higher voltages it continues to rise, while in lighting conditions it remains 
constant. 

Fig. 9. Plot of ln (α) vs. hυ for (a) SiPc(OH)2, (b) SiPc(OH)2-MeODAc and (c) SiPc(OH)2-BrDAc films.  
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In Fig. 11a-b it can be seen that ITO/SiPc(OH)2-DAc/Ag, exhibit mostly an ambipolar behavior, which is more evident in the SiPc 
(OH)2-MeODAc film (Fig. 11b), which also allows the greatest flow of electrical current. It is noticeable that although the carried 
current is lower in our case, the type of behavior is similar to that found by El-Damhogi et al. [57]. This type of behavior presented by 
the SiPc(OH)2-MeODAc films is also presented in other MPcs films such as: that obtained for MnPc films doped with iodide [58], CuPc 
films [59] or AlPcCl [60]. This ambipolar behavior it is an interesting result, since the injection of charges, holes, or electrons is 
generated similarly, regardless of whether the ITO and Ag have an anode or cathode function. In the I–V graphs of Fig. 11, it is also 
observed that at low voltages (<0.3V for SiPc(OH)2-MeODAc and <0.4V for SiPc(OH)2-BrDAc), the incident radiation upon the devices 
produces no significant effect on charge transport. It was observed that at high voltages the effect becomes more significant, and for the 
device, with SiPc(OH)2-BrDAc the highest current carrying occurs in front of white radiation (9.21 × 10− 9 A) and later in dark 
conditions (6.37 × 10− 9 A), whereas for the device with SiPc(OH)2-MeODAc, the highest current of 5.68 × 10− 5 A is generated with 
natural lighting, and again followed by the current in dark conditions (4.17 × 10− 5 A). This type of behavior may be appropriate in 
active layers that are part of electronic or photovoltaic devices with transparent substrate and anode, in which the effect of some types 
of radiation can enhance charge transport in the devices. According to the schematic energy diagram illustrated in Fig. 11c–d and 
which takes the values of HOMO and LUMO from Table 2, when the external voltage is applied onto the device electrodes, from the ITO 
with a work function (φ) of 4.7 eV, holes were injected into the HOMO of SiPc(OH)2-DAc, while from Ag with φ = 4.2 eV, the injection 
of electrons takes place towards the LUMO of SiPc(OH)2-DAc. The charge carriers move along the phthalocyanine and the acid until, 
induced by Coulomb attraction, electrons and holes meet, giving place to the electron-hole pair or exciton that recombines more 
efficiently in the device with SiPc(OH)2-MeODAc film. It is also important to consider that this device presents changes in the slope of 
the curves obtained under natural lighting and in dark conditions, at 0.65 V and 0.85 V respectively. These changes in slope are caused 
by variations in the electrical behavior of the device: at low voltages its ohmic behavior, while at high voltages, a saturation of charges 
is generated in certain regions of the film, resulting in SCLC behavior. Definitely, the presence of the dienynoic acid affects the 
electrical behavior of the SiPc(OH)2-DAc films. In this work, the SiPc(OH)2-MeODAc film carries the largest amount of electric current 
(4.17 × 10− 5 A) in darkness, and this maximum value is in the same order of magnitude as for the InPcCl film (2 × 10− 5 A) [61], and an 
order of magnitude lower than CuPc (1.5 × 10− 4) [59]. The maximum current transported for SiPc(OH)2-MeODAc is also higher: it is 
an order of magnitude greater than those derived from ZnPc (2.2 × 10− 6 A) and TiOPc (1.8 × 10− 6 A) [62] and two orders of 
magnitude greater than MnPc (1 × 10− 7 A) [58]. However, it is worthy of mention that, although the inclusion of the dopant in the 
phthalocyanine presents advantages, it also presents an important disadvantage: the maximum current of the device is several orders of 
magnitude smaller than the one with the undoped SiPc(OH)2 film (see Fig. 10). These results of films based on SiPc(OH)2, give the 
potential to continue studying them in the future, with other dopants, and as active layers in optoelectronic devices. 

5. Conclusions 

Actives layers constituted by SiPc(OH)2 doped with (2E, 4Z)-5, 7-diphenylhepta-2, 4-dien-6-ynoic acids (DAc) were deposited. The 
good agreement between experimental and simulated IR spectra confirmed that the theoretical calculations accurately reproduce 
simulated and experimental band positions of SiPc(OH)2-DAc. A molecular orbital and theoretical energy gap analyses were carried 
out and additionally, the experimental optical gap, onset gap and Urbach energy, were obtained from a UV–vis spectral study of the 
absorption dependence near the fundamental absorption edges. The band gaps for direct and indirect electronic transitions were 
determined; however, indirect transitions are predominant owing to the amorphous structural composition of the films. The SiPc 
(OH)2-MeODAc film has an indirect optical gap of 1.88 eV and a onset gap of 1.76 eV, while the SiPc(OH)2-BrDAc film has an optical 
and onset gap of 1.87 eV and 1.75 eV respectively. The optical behavior in films is influence by the type of dienynoic acid. Additionally, 
a low Urbach energy of 0.15 eV was obtained, which is an indicator of a low number of film defects. In other hand, two glass/ITO/SiPc 
(OH)2-DAc/Ag systems were manufactured, and their electrical behavior was assessed under different lighting conditions. These re-
sults were compared to the undoped phthalocyanine device. The measurements exhibited symmetrical behavior which revealed the 

Fig. 10. I–V characteristic of ITO/SiPc(OH)2/Ag at different lighting conditions in forward and reverse bias.  
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ambipolarity of SiPc(OH)2-DAc as an active layer, and the dependence between transported I and V under incident lighting conditions. 
However, the presence of the dienynoic acid affects the electrical behavior of the semiconductor films in the devices. The SiPc(OH)2- 
MeODAc film reaches a maximum current of 5.68 × 10− 5 A for natural light condition, while the SiPc(OH)2-BrDAc film, reaches a 
maximum current of 9.21 × 10− 9 A for white illumination condition. However, these maximum current are several orders of 
magnitude smaller than in the undoped SiPc(OH)2 film device. Although in terms of the optical behavior, dienynoic acids have a 
positive effect on semiconductor films, in terms of electrical properties, their presence decreases the transport of charge carriers. 
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