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Abstract: The interest of microelectronics industry in new organic compounds for the
manufacture of luminescent devices has increased substantially in the last decade.
In this paper, we carried out a study of the usage feasibility of three organic bidentate ligands
(2,6-dihydroxyanthraquinone, anthraflavic acid and potassium derivative salt of
anthraflavic acid) for the synthesis of an organic semiconductor based in silicon
phthalocyanines (SiPcs). We report the visible photoluminescence (PL) at room
temperature obtained from thermal-evaporated thin films of these new materials. The surface
morphology of these films was analyzed by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). AFM indicated that the thermal evaporation technique is an
excellent resource in order to obtain low thin film roughness when depositing these kinds
of compounds. Fourier transform infrared spectroscopy (FTIR) spectroscopy was
employed to investigate possible changes in the intra-molecular bonds and to identify any
evidence of crystallinity in the powder compounds and in the thin films after their deposition.
FTIR showed that there was not any important change in the samples after the thermal
deposition. The absorption coefficient (α) in the absorption region reveals non-direct
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transitions. Furthermore, the PL of all the investigated samples were observed with the
naked eye in a bright background and also measured by a spectrofluorometer. The normalized
PL spectra showed a Stokes shift ≈ 0.6 eV in two of our three samples, and no PL emission
in the last one. Those results indicate that the Vis PL comes from a recombination of
charge carriers between conduction band and valence band preceded by a non-radiative
relaxation in the conduction band tails.
Keywords: thin films; optical properties; absorption spectra; photoluminescence (PL)

1. Introduction
In our days, the use of organic semiconductors for the manufacture of complex electronic devices is
evident. Thousands of products based on organic light-emitting diode (OLED) technology are sold
monthly. These include: televisions, mobile phones, lamps, and even displays for endoscopic imaging.
Multiple studies show the diversity of molecules used as organic semiconductors and their feasibility
to implement them in electronic devices [1–9].
In the field of organic semiconductors, the phthalocyanines (Pcs) have been pioneer molecules.
They show electronic properties that make them suitable in diverse applications, from sensors [10] to
organic light-emitting devices [11]. Moreover, Pcs and metal Pcs (MPcs) have been extensively
studied in their optical, electrical, and structural properties [8,9,12–32].
From all the previous researches is worth to highlight the following: (1) Pcs, MPcs and their multiple
complexes are able to absorb light within the range of 470–570 nm of the visible spectrum [20,21];
(2) many Pcs have been identified five transition bands, labeled as Q, B, N, L, and C bands, and their
corresponding energies are approximately 2, 3.6, 4.4, 5.0, and 5.9 eV [20]; (3) the MPcs can be easily
sublimated in order to obtain thin films without decomposition [18,23,33]; (4) depending on the
deposition conditions, different molecular orientations and even film crystallinity can be obtained [34];
(5) powder MPcs exists in several crystalline polymorphs, including the α-, β-, and γ-structures [35];
and (6) in Pcs-based compounds, the efficiency and the emission energy of photoluminescence (PL)
depends of polymorphic modifications [18,36,37]. And finally, MPcs derivatives thin films are able to
offer a variety of optoelectronic properties by simple substitution of the central metal ion and by
the modification of its periphery with suitable functional/non-functional groups, leading to many new
complexes [38,39].
As seen before, Pcs have enormous modification potential. That combinatory character, gives to
Pcs the relevance to be used as a basis molecule in the design of new organic semiconductor materials.
It is virtually possible to tune properties like PL, light absorption energy and band gap within the
natural limits of Pcs. In this paper, we synthesized three new materials based on silicon Pc (SiPc)
and three organic bidentate ligands with high electronic delocalization. Those SiPc derivatives were
deposited by vacuum thermal evaporation technique to obtain non-crystalline thin films.
Although Pcs field has been widely developed, there are not many studies regarding SiPcs thin
films and their PL properties. Additionally, SiPc is a good research subject because there are interesting
technological applications using them [40,41]. Thereupon, our main interest in this work is to report
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the characteristics of the optical absorptions and PL of our three new complexes based on SiPcs in
order to make them available for electronic devices if further studies demonstrate their usage feasibility.
We carried out the ultraviolet-visible (UV-vis) characterization because Pcs may miss one or two of
their transition bands. Therefore, the determination of their optical properties is important in designing
organic optoelectronic devices [20]. Additionally, in a crystalline semiconductor the absorption
spectrum terminates abruptly at the energy gap [38,39,42], however in amorphous semiconductors a
tail in the absorption spectrum encroaches into the gap region. This tail makes the absorption edge of
an amorphous semiconductor difficult to define experimentally. Some models have been developed to
provide an approximation of the optical band gap. The Tauc, Forouhi-Bloomer, and Cody models,
are most applicable for the mentioned purpose [42–44]. In this paper, we calculate the optical band gap
using the Cody model.
For electroluminescent (EL) applications, PL properties give important reference because it is possible
to estimate the EL spectra and emission efficiencies by using PL spectra and the quantum yields [27].
We performed PL measurements to confirm the emission observed with the naked eye. One of the
main observed results is that for our compounds, the ligand changes the intensity but not the position
of the maximum emission PL peak. The surface morphology of our deposited materials was analyzed
by atomic force microscopy (AFM) and scanning electron microscopy (SEM). AFM indicated that the
thermal evaporation technique is an excellent resource in order to obtain low thin film roughness an
important parameter, if to fabricate a device is sought.
Finally, Fourier transform infrared spectroscopy (FTIR) measurements were conducted in both
powder and thin film to identify any indication of decomposition while evaporation. FTIR showed that
there was not any important change in the samples after the thermal deposition. X-ray diffraction (XRD)
was carried out over the materials deposited in thin films to search for crystallinity. Any evidence of
long-range crystallinity in any of these new materials was not found.
2. Results and Discussion
This section deals with three main topics: (I) the structure; (II) the optical properties; and (III) the
PL obtained from the deposited films. In order to get information on the structure of the thin films the
samples were examined using infrared spectroscopy (IR), SEM and AFM. The lack of solubility in chloro
ligands of SiPc molecule (SiPcCl2) has prevented to some extent the study of their multiple
applications. Hence, novel SiPcL2 derivatives (Figure 1) was prepared in order to increase their
solubility, which would result in a more simple characterization and a better identification of optical
and semiconductor properties [40,41].
Figure 1. General reaction to obtain SiPcL2 derivatives. SiPc: silicon phthalocyanines.
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2.1. Structure of SiPcL2 Derivatives
IR spectroscopy was carried out to identify the ligand attached to the SiPcCl2 unit and the crystalline
nature of the compounds. This is because IR spectrum of Pcs is strongly dependent on the chemical
composition and the crystalline form [45,46]. Table 1 shows the signals corresponding to Pc ring [47]:
two bands appearing at about 3078 ± 7 cm−1 and 3057 ± 1 cm−1 are assigned to CH asymmetric and
symmetric stretching vibrations in the ring and those bands at 2936 ± 1 cm−1 and 2803 ± 2 cm−1 are
assigned as the CH symmetric and asymmetric stretching vibrations as alkyl. The band appearing at
1612 ± 1 cm−1 was assigned to the C–C stretching in isoindole. The band appearing at 683 ± 2 cm−1
was assigned the C–C macrocycle ring deformation. While the band appearing at 1118 ± 3 cm−1 is
assigned to the C–H bending in plane deformations [48]. Additionally, the two bands appearing at
910 ± 4 cm−1 and 728 ± 6 cm−1 were assigned to C-H bending out of plane deformations. It is
noteworthy to observe the bands appearing at 1288 ± 1, 1164 ± 1 and 1077 ± 2 cm−1, that were
assigned to the C–N in isoindole in plane band in pyrrole stretching vibration, respectively [48].
From Table 1, it is possible to notice that the materials exhibit C=O and C–O functional groups with
wavelengths 1660 cm−1 and 1070 cm−1, respectively. Other important bands are the NH2 (related to an
amine for Compound A) located in the 3210 cm−1 to 3421 cm−1 interval. The presence of the N–H
vibrational band may indicate that bidentate amines are coordinated at their ends. It could also be
possible that two ligands are coordinated to one single molecule of the silicon macrocycle.
According to Kumar et al. [49] and Busch et al. [50], on nucleophilic additions of bidentate amines to
metallic macrocycles, an infrared absorption band located in the 3945–3374 cm−1, region is associated
with a N–H vibration.
Table 1. Characteristic Fourier transform infrared spectroscopy (FTIR) bands for KBr
pellets and thin films (cm−1). MPc: metal phthalocyanines; and SiPcCl2: chloro ligands of
SiPc molecule.
MPc

ν (CH) cm−1

ν (C–C)
cm−1

ν (C–N)
cm−1

ν (C=O)
cm−1

ν (C–O)
cm−1

α-form
cm−1

β-form
cm−1

Compound A:
pellet

3068, 3056, 2934, 2806,
1116, 900, 732

1617, 685

1291,
1163

1663

1075

-

781, 734

Compound A:
thin film

3073, 3056, 2937, 2805,
1121, 908, 734

1613, 681

1288,
1164

1663

1078

-

-

Compound B:
pellet

3079, 3062, 2934, 2800,
1122, 912, 732

1606, 685

1291,
1163

1664

1075

720

781, 737

Compound B:
thin film

3071, 3058, 2937, 2801,
1118, 907, 723

1612, 684

1288,
1165

1662

1076

-

-

Compound C:
pellet

3079, 3056, 2934, 2800,
1116, 906, 731

1612, 679

1285,
1163

1664

1076

728

782, 735

Compound C:
thin film

3085, 3056, 2935, 2801,
1120, 1077, 908, 735

1611, 683

1289,
1165

1662

1077

-

-

SiPcCl2: pellet

3087, 3059, 1116, 2937,
2801, 907, 718

1612, 684

1286,
1160

-

1073

-

781, 737

SiPcCl2:
thin film

3085, 3058, 1115, 2937,
2803, 908, 720

1612, 682

1289,
1165

-

1076

-

-
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The main spectral features distinguishing the different crystalline forms of MPc were found to lie in
the region of 800–700 cm−1. These spectral differences are attributed to the different crystalline
stacking of the MPcs molecules, especially those around 731 cm−1 and 777 cm−1 for the β-form and
those around 720 cm−1 for the α-form [51]. From these studies, we are able to determine the phase and
any significant chemical changes, which may occur in these materials during the thermal evaporation.
In Table 1, can be observed that originally, SiPcCl2 was present in crystalline β structure. By adding
the different bidentates ligands, Compound A maintained the same crystalline structure, however,
Compounds B and C, initiated a transformation to the α phase (724 ± 4 cm−1) that was not completed.
The above can be proved from the remaining signals at 736 ± 2 cm−1 and 781 ± 1 cm−1, referent to
β phase. The difference between these two phases is the angle formed between the symmetry axis and
the stacking direction. Alpha crystals have angles of 26.5°, while beta crystals involve angles of 45.8°.
Although the bidentate ligand has similar structure, the functional groups at the extremes are the
responsible of the crystalline change. Apparently, the acid character of the anthraflavic and its
derivative salt, generate molecules orientations in different directions to the amine groups. Figure 2
shows the SEM images for three compounds. In the images it is possible to observe structures with
regular geometry, as well as the growth of crystalline needles with sharp angles (Figure 2a,b),
obtained during the purification of the compounds.
Figure 2. Scanning electron microscopy (SEM) micrographs of: (a) Compound A;
(b) Compound B; and (c) Compound C films at 1500×.

On the other hand, when these materials were deposited over the silicon substrate at 298 K, a transition
to an amorphous-form took place. We conclude the above because IR spectroscopy studies do not
show the signs correspondent to α and β phases. It is important to note that the evaporation of
tetravalent Pc powder forms an amorphous thin film [52]. Apparently, the thermal gradient between
layer temperature and the compound temperature is high enough to avoid the nucleation and the
growth of ordered structures in thin films. FTIR showed that there was not any important change in the
samples after the thermal deposition. Table 1 shows the main signals for these compounds in both KBr
pellets and thin film. The deposited films are formed by the same macro-ions than those of the original
synthesized compounds. Thus, the locations of the absorption bands in the spectra of the synthesized
powders and the deposited films are nearly the same. When deposited on thin films, the signals from
our compounds show slight changes. This is due there are internal stresses that lead to little variations in
angles and bonding energies. However, there is no significant change due to evaporation. After annealing
at 473 K and oven cooling-down, the IR spectrum does not show important changes for thin films.
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Figure 3 shows AFM images of the SiPcL2 films at room temperature. From the AFM images is
possible to note that the chemical structure of the complex is what defines the aggregation state on the
substrate. The size and distribution of the grains, as well as the roughness, change for each SiPcL2
derivative, although all of them show compact deposits. Thin film from Compound B (Figure 3b)
is homogeneous and contains a fine granular structure. In the case of films from Compounds A and C,
a heterogeneous distribution is seen and particles agglomerate to generate irregular structures
(Figures 3a–c). Further studies must be done to determine if those morphological variations observed
in our thin films can be related to other important physical properties.
Figure 3. Atomic force microscopy (AFM) images for: (a) Compound A; (b) Compound B;
and (c) Compound C films deposited on Q-substrate.

The calculated root mean square (RMS) roughness for the thin films are shown in Table 2. The
difference in the roughness values may be related to the different bidentate ligand in each SiPcL2
derivative. The final molecule obtained with the substitution of each ligand is different in size and
molecular weight, and some properties such sublimation point and nucleation easiness also change.
As would be expected according to the AFM image shown in Figure 3b, the minor wrinkle is for
Film B, synthesized from anthraflavic acid. Apparently the size of the hydroxile group compared
to the size of the substitutes in the anthraquinone molecules of Compounds A and C (amino and
potassium group, respectively), promotes the homogeneous stacking and less rugosity. On the
other hand, although the deposit conditions are practically similar for the three films, the thickness
measured (see Table 2), is minor for Compound A. The above, is a consequence of the greater
chemical stability in the molecule generated by the primary amines of Compound A, a vacuum was
required in a higher magnitude order for the deposit of this film, yet, its thickness is considerably less
than those obtained for Films B and C.
Table 2. Characteristic parameters of thin-films under investigation. RMS: root mean square.
Sample
Compound A
Compound B
Compound C

RMS
roughness (nm)
69.19
14.53
110.42

Refractive
index (n)
2.022
2.621
2.696
a

% Reflectance

Thickness (nm)

Cody Eg a (eV)

11.44
20.04
21.11

542
1319
1562

1.7, 2.1, 3.1
1.6, 2.5
1.6, 2.4

Eg: band gap.
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2.2. Optical Properties
The refractive indices (n) of the films, obtained from ellipsometric measurements are shown in
Table 2, as well as the reflectance percentages at normal incidence. The refraction index is practically
the same for Films B and C, and different for Compound A. Similar results are obtained by comparing
the reflectance, which for these type of thin films apparently depend on the structure of the ligand.
The amino group in Compound A, has a slightly distorted tetrahedral geometry with the nitrogen at
the center. The optical properties of the film could be modified by the binding of the metal atom
with the molecule and by the nonbonding electron pair. There is an inversion of the nitrogen atom due
to the delocalization of its free electrons in the aromatic ring. Therefore, there is a decrease in the
refractive index and reflectance compared to Compounds B and C, where oxygen atoms are
responsible for the binding.
The Cody model is used for the determination of the optical gap. Even though this model has been
mainly used for inorganic materials, it can also be employed for organic compounds with reliable results.
The model is based on the measurement of optical absorption at the ultraviolet (UV)/visible range [42–44].
Cody model provides an effective and easy option for the determination of the optical band of thin films,
it uses the dependence between the photon energy and the absorption coefficient. Additionally, the use
of this model is suggested in dichotic systems, such as SiPcL2. The dichotic systems are conformed by
the union of the planar molecule and the ligand and they are able to organize in monodimensional
columns that can transport charges efficiently in just one direction. In this model, it is assumed that the
disorder responsible for relaxing the momentum conservation rules should also influence the
underlying distribution of electronic states [42–44]. In accordance with this model, the optical gap
associated with SiPcL2 thin films should rather be determined by extrapolating the linear trend
observed in the spectral dependence of (α/hν)1/2 = f(hν) [42–44,53], over a limited range of photon
energies. The abscissa axis intersection of this linear extrapolation corresponds to the Cody optical gap
(Figure 4) of the film, the Cody optical gap values are contained in Table 2. It is important to remark
that according to Figure 4 and Table 2, the analysis of the spectral behaviour for Compounds A–C
reveals similar indirect allowed transitions around 1.6 eV in the beginning of the absorption spectrum
and 2.3 ± 2 eV for the fundamental energy gap. The band gap does not show any remarkable
difference from its value, this may be attributed to the morphology that have the same system and
differ only in the structure and size of the bidentate ligand and the arrangement of the molecules.
Additionally, the gap depends on the number of electron in the outer shell form metal cation [51,54]
and for Films A–C is the same. The energy gaps of 1.6 eV and 2.3 eV, could correspond to a transition
involving the valence band (highest occupied molecular orbital, HOMO) to the bottom of the
conduction band (lowest unoccupied molecular orbital, LUMO) and to the next unoccupied orbital.
For Compound A, the high-energy peak at 3.1 eV may correspond to transition involving the valence
band to the split d band [51]. Possibly, for this compound, there is a bigger electronic movement and
less steric hindrance between the MPc and the ligand. Silicon with an oxidation state +4 has a hard
Lewis acid behavior. Although it is reduced by the macrocycle, silicon binds with the ligand amino group.
In turn, it exhibits a hard Lewis base behavior, and its electronic density is polarized in mayor manner
than in the cases of the ligands in Compounds B and C. There, the hydroxy group and its potassium salt,
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generate electrostatic bonds, opposite to the acid-base interaction in Compound A that shows a
significant covalent component.
Figure 4. Plot of (α/hν)1/2 vs. photon energy hν of thin Films A, B and C deposited
on Q-substrate.
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On the other hand, the absorption spectrum of the α-form has a doublet around 1.75 eV and 1.9 eV,
while in the tricyclic spectrum of the β-form two shoulders are observed at 2 eV and 2.2 eV [55].
In the optical spectrum (Figure 4) for Film A, no signals of the crystalline forms are shown, indicating
the presence of an amorphous structure. The optical spectrum for deposited thin Films B and C showed
the small doublet at 1.8 eV and 1.95 eV, as corresponding to the β-form, possibly combined with an
amorphous structure, according with IR results. For the purpose of detecting whatever signs of
crystalline structures, the characterization by means of XRD was undertaken on the deposited materials.
Figure 5 shows an XRD trace of the as-deposited SiPc derivatives thin film.
Figure 5. X-ray diffraction (XRD) pattern of thin Films A, B and C.
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As it may be observed, there is only one shallow peak at approximately 2θ = 3.415° and 3.229° for
thin Films B and C respectively implying amorphous structure and the presence of some degree of
crystallinity [51]. All this indicates that, while several phtalocyanine films have been reported as
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crystalline polymorphs [48,51,52], the vacuum evaporation technique gave rise to desalination in the
atomic structure. During the deposition process, when the molecules reach that portion of the substrate
at the lowest temperature, their kinetic energy does not suffice in order for them to possess a high-enough
surface mobility. Therefore, the long-reach order, characteristic of crystals, is not achieved and an
amorphous film structure results.
2.3. Photoluminescence Measurements
Figure 6a,b shows the PL and absorbance spectra of the tree films, obtained at room temperature.
As can be seen, the intensity of the PL of Sample B is higher than that of Sample C, and the lowest
intensity correspond to Sample A. This behavior was consistent with the fact that intense PL in the
visible range was observed with the naked eye only for Films B and C, but it was not perceived for
Sample A. Since the different sublimation temperatures of each material lead to different film thicknesses,
even using the same evaporation parameters, and, in addition, conscious that the PL intensity depends
on the sample thickness. We carried out the normalization of the PL spectra to the thickness of each film.
This normalization is also useful to make a fair comparison of the influence of each ligand to the
PL efficiency. Figure 6c shows this normalization. It is noteworthy that Compound A exhibits some
PL but due its lower thickness it cannot be perceived with the naked eye. It is also important to note
that the total PL intensity increases when the antraflavic acid is the ligand (Compound B) and decreases
for the amine ligand (Compound A).
The variation of the PL signal as a function of position on the sample was minimal, which was
consistent with the uniformity found for the thickness and refractive index of the films on the entire
substrate [56]. The PL emitted by the excitation spot on the films appeared as follows: light yellow
(Compound B), dark yellow (Compound C), and with an intensity high enough to be observed with the
naked eye against a bright background.
The PL spectra of the Sample B shows two main central peaks and two side shoulders that may be a
result from an interference effect due to the bigger film thickness [57,58]. The absorbance (A) spectra
of the films (Figure 6b) show optical absorption peaks and edges distributed in the wavelength range
from infrared to UV. The absorption spectrum for MPcs originates from molecular orbital within the
aromatic 18π electron system and from overlapping orbitals on the central metal atom [59]. The UV-Vis
spectra of SiPcL2 exhibited characteristic Q and B bands, one in the visible region at 600–700 nm (Q-band)
attributed to the π → π* transition from the HOMO to the LUMO of the Pc2− ring, and the other in
the UV region at 300–400 nm (B-band) arising from the deeper π levels → LUMO transitions [60].
The Q-band is split into two distinct peaks in the visible region due to molecule aggregation or
molecular distortion [51].
As observed from Figure 6b, for Compounds B and C, the Q-band consists of a high-energy peak
around 680 nm and a low energy shoulder at 630 nm, thin Film A contains only the high-energy peak
at 690 nm [40,41,54]. The high-energy peak of the Q-band has been assigned to the first π–π*
transition on the Pc macrocycle. The low-energy peak of the Q-band has been explained either, as a
second π–π* transition, as an excitation peak, as a vibrational internal interval and as a surface state [51].
The Q-band is associated to the ligand coordination to the silicon ion in the ring. Electrons are,
therefore, able to transfer energy throughout the structure and become responsible for the absorption
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spectra [51]. An examination of the Soret band or the B-band in the UV region reveals one peak
around 335 nm for all the thin films [40,41,54]. B-band of the SiPcL2 films, arising from the deeper π
levels → LUMO transitions [60]. The observation of a single peak in Soret band is similar to that
observed for CoPc, NiPc, and other Pcs [35,54,61]. This may imply that the splitting structure of this
peak could be affected by the orbital overlapping of Pc ring with the central metal [61]. The values of
the absorbance bands depend on the film thickness according to Beer’s lay [54]. The smaller thickness
is for thin Film A, which also has the lowest absorbance (see Figure 6b).
Figure 6. (a) Photoluminescence (PL); and (b) absorbance spectra of thin Films A, B, and C;
(c) PL normalized to the thickness of each film.
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Differently from other studies made for crystalline trivalent or tetravalent MPcs [62], our SiPc films
do not show long range order. This is due to the deposition conditions, which are fundamental in thin
film fabrication. Thermal gradient, substrate roughness, evaporation velocity, and even initial
nucleation points, are factors that must be carefully studied to be able to make crystalline depositions.
Therefore is important to state that due the XRD diffractogram showed not any long-range order in our
thin films and, therefore, the PL properties are not related to crystallinity of the materials after deposition.
Figure 5 shows the diffractograms of our three compounds. Compounds B and C are possible to
distinguish a short range order with a very small peak at low angles.
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In order to give a first quick explanation on mechanisms of the visible PL and the relationship with
the optical absorption and electronic structure of these thin films, the PL, and absorbance spectra of
Figure 7 were plotted together in an overlapping scheme in terms of photon energy. Since the
analyzed samples had different thicknesses (see Table 2) and the PL integrated intensity depends upon
this parameter, the PL spectra of Figure 5c was normalized to the thickness of each sample. In Figure 7,
the PL was normalized to maximum intensity because our main priority in this figure is to observe the
absorbing-emitting regions. At first glance, we can identify three important features. First, the samples
that exhibit naked eye PL (B and C) have an absorption valley located at almost the same wavelength
as the maximum emission peak. For Sample B the absorption is at 2.75 eV and emission at 2.12 eV.
While Sample C is absorbing at 2.75 eV and emitting at 2.23 eV. Second, the width of the emission
and absorption spectra is the same for Samples B and C ≈ 0.7 eV. Finally, note that Sample A shows
no intense PL but it has a weak absorption peak at 2.8 eV. In our three samples the photon absorption
is originated between the Bands B and Q. The amorphous nature of the thin films allows the apparition
of multiple delocalized states between HOMO and LUMO. Delocalized states promote a non-radiative
relaxation and, therefore, a Stokes shift around 0.6 eV.
Figure 7. Normalized PL and absorbance vs. photon energy of thin films: (a) Film A;
(b) Film B; and (c) Film C.
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The energy of maximum PL peak is related to the optical band gap. In Pcs, as well as other
planar cyclic molecules, π electron delocalization is the main responsible for the semiconducting
properties [63]. The molecular organization in our compounds is probable to be similar to the sheet
arrangement proposed by Yang [32]. The bidentate ligands used to synthesize the compounds promote
a better conformation of the sheet arrangement, but SiPcs are the most responsible of the electronic
properties of the final new materials. Therefore, a big change is observed in PL efficiency and a
despicable change in maximum PL peak when different ligand is used.
According to our data, the PL in Pc thin films is substantially affected by the intramolecular structure.
Samples B and C have a Stokes shift, 0.63 eV and 0.52 eV, respectively. Sample A exhibits no
emission and nor absorption at 2.75 eV. The above is a marker of the excitation-emission mechanism
present in these materials. Ligands used in Samples B and C (anthraflavic acid and potassium
derivative salt of anthraflavic acid) are able to generate a compound with a well-defined optical gap.
In these compounds, the Stokes shift is due to the localized states in the tails of the bands. Those localized
states generate non-radiative transitions (relaxations) of the carriers. Once the carriers reach the edge
of the conduction band, they recombine to the valence band emitting a photon with the remaining
energy after relaxation. Is noteworthy that the band tails of Compound C are smaller than in
Compound B and hence the Stokes shift is also smaller. Meanwhile, thin Film A is plagued with
localized defects in its optical gap that prevent the PL emission.
It is most important to note that the absorptions in Bands B and Q, which can be observed in our
compounds, are completely related to the SiPcs and not to the ligand. However, the observed
differences in the absorption values could be affected by the arrangement of the molecules [62].
In this vein, we could presume that ligands must be affecting to the electronic and optical properties of
the final molecules, not by adding or removing localized states, but modifying the final arrangement of
the molecule.
3. Experimental Section
3.1. Synthesis
3.1.1. Starting Material and Chemicals
The raw materials for this work were obtained from commercial sources with no purification
prior to their use. In this case, 2,6-diaminoanthraquinone (C14H10N2O2), 2,6-dihydroxyanthraquinone
(C14H8O4) and its potassium derivative salt were used in order to form a substitution between the
organic compound and the labile axial SiPcCl2 [40].
3.1.2. Synthesis of Compound A
0.3 g (1.26 mmol) of C14H10N2O2 was dissolved in 60 mL of methanol. Then add 0.30 g (0.49 mmol)
of phthalocyaninato-dichlorosilane (C32H16Cl2N8Si). The resulting blue powder was recrystallized and
dried at high vacuum, yielding 55% of the reaction. Melting point (m.p.): 300 °C. MS(FAB+,
DMSO/EtOH) m/z: 236 [C14H8N2O2]+, 540 [C32H16SiN8]+, 575 [C32H16ClSiN8]+, 776 [C46H24SiN10O2]+.
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3.1.2. Synthesis of Compound B
0.3 g (1.25 mmol) of anthraflavic acid (C14H8O4) and 0.30 g (0.49 mmol) of C32H16Cl2N8Si
were dissolved. The resulting green powder was recrystallized and dried at high vacuum, yield 49%.
M.p.: 300 °C. MS(FAB+, DMSO/EtOH) m/z: 239 [C14H7O4]+, 540 [C32H16SiN8]+, 575 [C32H16ClSiN8]+,
779 [C46H23SiN8O4]+.
3.1.3. Synthesis of Compound C
Follow a similar procedure as for Compounds A and B, using 0.3 g (0.95 mmol) of potassium
derivative salt of anthraflavic acid (C14H6O4K2) and 0.30 g (0.49 mmol) of C32H16Cl2N8Si. The resulting
blue powder was recrystallized and dried at high vacuum, yield 53%. M.p.: 300 °C. MS(FAB+,
DMSO/EtOH) m/z: 277 [C14H6O4K]+, 540 [C32H16SiN8]+, 575 [C32H16ClSiN8]+, 817 [C46H22SiN8O4K]+.
3.2. Powder Characterization
The IR spectroscopy characterization of powdered materials was carried out by means of a Nicolet
iS5-FT spectrophotometer (Waltham, MA, USA) using KBr pellets for solid samples within the
4000 cm−1 to 300 cm−1 region with an 8 cm−1 resolution. Mass spectra (FAB+) were measured on a
3-nitrobenzyl alcohol support in the positive ion mode on a Jeol JMS-SX102A instrument (Tokyo, Japan).
3.3. Thin-Film Deposition
A vacuum chamber operated by an arrangement of mechanical-diffusion pumps and a special
fabricated molybdenum crucible with a double-grid cover were used to carry out the depositions. The
operation pressure used in the evaporation process was 1 × 10−4 Torr for compounds with C14H8O4 and
its potassium derivative salt, and 1 × 10−5 Torr for compound with amine. The crucible-substrate
distance was 20 cm. 1 g of quartz fiber was placed above the Pc powders inside the crucible to avoid
the ejection of grains towards the substrate at a temperature of 563 K. All depositions were made on
high resistivity (200 Ω·cm) single crystalline silicon wafer n-type (100) (Si-substrate) and quartz
substrates (Q-substrate). Q-substrate was ultrasonically degreased in 1,2-dichloroethane and methanol,
later dried with a high-pressure flux of nitrogen gas. Meanwhile, Si-substrate was chemical etched for
5 min with a p solution (10 mL HF, 15 mL HNO3 and 300 mL H2O) in order to remove the native
oxide from the c-Si surface. All the samples were annealed at a temperature 473 K for 2 h in air.
3.4. Thin-Film Characterization
SEM was carried out in a Hitachi microscope. FT-IR spectroscopy measurements were obtained
with a spectrophotometer Nicolet iS5-FT using Si-substrate. UV-Vis spectra, Unicam spectrophotometer,
Model UV300 (Waltham, MA, USA), in the range of 190–1100 nm, with a 0.5 nm resolution
(films on Q-substrate). The XRD analysis was performed with the θ–2θ technique using a Bragg-Brentano
Rigaku ULTIMA-IV Diffractometer (Tokyo, Japan) and working with CuKα (λ = 0.15405 nm)
radiation over a quartz substrate. Ellipsometry, Gaertner Scientific Corporation Ellipsometer,
Model L117 (Skokie, IL, USA), with a He-Ne laser operating at 632.8 nm and an incidence angle
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of 70° (films deposited on Si-substrate). Profilometry, Dektak profilometer, Model IIA (films evaporated
on Q-substrates, Plainview, NY, USA). PL measurements were carried out in a dark room at room
temperature, using a beam (λ = 325 nm, 25 mW) from a Kimmon He-Cd Laser (Tokyo, Japan) as
excitation source, with an incident angle of 45° relative to the normal of the sample. The luminescence
was collected at an angle normal to the sample using a quartz optic fiber and measured in the range
from 350 nm to 800 nm with a Fluoromax-Spex Spectrofluorometer (Edison, NJ, USA). For PL,
infrared and ellipsometric measurements the substrates used were (100) oriented and 200 Ω·cm
CSi slices.
4. Conclusions
The organic compounds used in microelectronics had had a boom in the last ten years. The main
advantages of the organic luminescent devices are the mechanical flexibility and energy efficiency.
However, it is necessary to continue synthesizing and depositing thin films on new luminescent
organic materials because the existing ones are not enough to meet the demands of the
microelectronics industry. In this paper, the experimental procedure for the synthesis of a soluble
silicon(IV) Pc derivatives is reported. Originally, SiPcCl2 exhibits a crystalline β structure. When adding
the different bidentates ligands, Compound A maintained the same crystalline structure, however,
Compounds B and C initiated a transformation to the α phase that was not completed. The evaporation
of tetravalent Pc powders leads to the formation of amorphous thin films, and, after annealing, does not
show important changes for thin Film A, and the crystallization to the β-form is induced in thin
Films B and C, possibly combined with an amorphous structure. In Compounds B and C, intense PL
was observed with the naked eye. The absorption and photoemission spectra let us deduce that visible
PL comes from a recombination of charge carriers between conduction band and valence band preceded
by a non-radiative relaxation in the conduction band tails. In this paper, a methodology of synthesis
and deposition of two new materials that might be used in the design of EL devices is presented.
Our new materials could be incorporated to the microelectronics industry if in the future a more
specialized study is able to show good EL efficiency.
Acknowledgments
The authors wish to thank the technical assistance of Guillermo Villagrán (Universidad Anahuac),
Mario Monroy Escamilla Instituto de Física-Universidad Nacional Autónoma de México (IF-UNAM)
and Juan Manuel Garcia-León. Juan Carlos Alonso-Huitrón acknowledge the partial financial support
from Programa de Apoyo a Proyectos de Investigación e Innovación Tecnológica de la Universidad
Nacional Autónoma de México (PAPIIT-UNAM) Project Number IG100614. Arturo Rodríguez Gómez
wants to acknowledge the Consejo de la Investigación Científica de la Universidad Nacional
Autónoma de México for Postdoctoral Scholarship CJIC/CTIC/1446/2014. The authors also want to
thank to Adriana Tejeda Cruz for XRD support. María Elena Sánchez Vergara gratefully
acknowledges the financial support of the Secretaría de Educación Pública-Consejo Nacional de
Ciencia y Tecnología (SEP-CONACYT)-Mexico under Project Number 153751.

Materials 2014, 7

6599

Author Contributions
Carlos Moises Sánchez-Hernández and Ilán Fleitman-Levin carried out the synthesis and
purification of Compounds A, B and C. Arturo Rodríguez Gómez proposed parameters for the
deposition of thin films from powder compounds and carried out the depositions. Conducted
discussion regarding the possible origin of the PL in Compounds A and C and wrote the important
part of the article. Jesús Arenas-Alatorre carried out characterization by AFM. Discussed and wrote a
section on the morphological behavior of our compounds in powder and in thin films. He also helped
in the whole understanding of SEM characterization. Juan Carlos Alonso-Huitrón designed and
proposed parameters for the PL experiment. He discussed the luminescence in all compounds. Finally,
he collaborated in writing the article. María Elena Sánchez Vergara carried out characterization by
IR spectroscopy, mass spectrometry (MS), and UV-vis spectroscopy, and discussed and wrote a
section on the structure of SiPcL2 derivatives and optical properties. She worked on the integration of
the entire article.
Conflict of Interests
The authors declare no conflict of interest.
References
1.

2.

3.

4.
5.

6.
7.

8.

Pfeiffer, M.; Leo, K.; Zhou, X.; Huang, J.; Hofmann, M.; Werner, A.; Blochwitz-Nimoth, J.
Doped organic semiconductors: Physics and application in light emitting diodes. Org. Electron.
2003, 4, 89–103.
Burroughes, J.H.; Bradley, D.D.C.; Brown, A.R.; Marks, R.N.; Mackay, K.; Friend, R.H.;
Burns, P.L.; Holmes, A.B. Light-emitting diodes based on conjugated polymers. Nature 1990,
347, 539–541.
Chua, L.; Zaumseil, J.; Chang, J.; Ou, E.C.-W.; Ho, P.K.-H.; Sirringhaus, H.; Friend, R.H.
General observation of n-type field-effect behaviour in organic semiconductors. Nature 2005, 434,
194–199.
Henson, Z.B.; Müllen, K.; Bazan, G.C. Design strategies for organic semiconductors beyond the
molecular formula. Nat. Chem. 2012, 4, 699–704.
Bakulin, A.A.; Rao, A.; Pavelyev, V.G.; van Loosdrecht, P.H.M.; Pshenichnikov, M.S.;
Niedzialek, D.; Cornil, J.; Beljonne, D.; Friend, R.H. The role of driving energy and delocalized
states for charge separation in organic semiconductors. Science 2012, 335, 1340–1344.
Che, Y.; Yang, X.; Loser, S.; Zang, L. Expedient vapor probing of organic amines using fluorescent
nanofibers fabricated from an n-type organic semiconductor. Nano Lett. 2008, 8, 2219–2223.
Schillinger, E.-K.; Mena-Osteritz, E.; Hentschel, J.; Börner, H.G.; Bäuerle, P. Oligothiophene versus
β-sheet peptide: Synthesis and self-assembly of an organic semiconductor-peptide hybrid. Adv. Mater.
2009, 21, 1562–1567.
Belogorokhov, I.A.; Ryabchikov, Y.V.; Tikhonov, E.V.; Pushkarev, V.E.; Breusova, M.O.;
Tomilova, L.G.; Khokhlov, D.R. Photoluminescence in semiconductor structures based on
butyl-substituted erbium phthalocyanine complexes. Semiconductors 2011, 42, 321–324.

Materials 2014, 7
9.
10.
11.

12.
13.
14.
15.

16.

17.

18.
19.
20.
21.

22.
23.
24.
25.
26.

6600

Fujii, A.; Yoshida, M.; Ohmori, Y.; Yoshino, K. Two-band electroluminescent emission in organic
electroluminescent diode with phthalocyanine film. Jpn. J. Appl. Phys. 1996, 35, L37–L39.
Temofonte, T.A.; Schoch, K.F. Phthalocyanine semiconductor sensors for room-temperature ppb
level detection of toxic gases. J. Appl. Phys. 1989, 65, 1350–1355.
Lai, S.L.; Chan, M.Y.; Fung, M.K.; Lee, C.S.; Lee, S.T. Copper hexadecafluorophthalocyanine
and copper phthalocyanine as a pure organic connecting unit in blue tandem organic light-emitting
devices. J. Appl. Phys. 2007, 101, doi:10.1063/1.2426338.
Orti, E.; Piqueras, M.C.; Crespo, R.; Bredas, J.L. Influence of annelation on the electronic properties
of phthalocyanine macrocycles. Chem. Mater. 1990, 2, 110–116.
Hohnholz, D.; Steinbrecher, S.; Hanack, M. Applications of phthalocyanines in organic light
emitting devices. J. Mol. Struct. 2000, 521, 231–237.
Fielding, P.; MacKay, A. Electrical conduction in the phthalocyanines. I. Optical properties.
Aust. J. Chem. 1964, 17, 750–758.
Berkovits, V.L.; Ziminov, A.V.; Kazanskiĭ, A.G.; Kolos’ko, A.G.; Ramsh, S.M.; Terukov, E.I.;
Fenukhin, A.V.; Ulin, V.P.; Yurre, T.A.; Kleider, J.P. Influence of the molecular structure of copper
phthalocyanines on their ordering in thin films and photoluminescence and absorption spectra.
Phys. Solid State 2007, 49, 272–277.
Ichikawa, M.; Kobayashi, K.; Koyama, T.; Taniguchi, Y. Intense and efficient ultraviolet
electroluminescence from organic light-emitting devices with fluorinated copper phthalocyanine
as hole injection layer. Thin Solid Films 2007, 515, 3932–3935.
Sharma, G.D.; Kumar, R.; Roy, M.S. Investigation of charge transport, photo generated electron
transfer and photovoltaic response of iron phthalocyanine (FePc):TiO2 thin films. Sol. Energy
Mater. Sol. Cells 2006, 90, 32–45.
Pakhomov, G.L. Luminescence of phthalocyanine thin films. Phys. Solid State 2005, 47, 170–173.
Nitschke, C.; O’Flaherty, S.M.; Kröll, M.; Blau, W.J. Material investigations and optical properties
of phthalocyanine nanoparticles. J. Phys. Chem. B 2004, 108, 1287–1295.
Liu, Z.T.; Kwok, H.S.; Djurišić, A.B. The optical functions of metal phthalocyanines. J. Phys. D
Appl. Phys. 2004, 37, 678–688.
Ottaviano, L.; di Nardo, S.; Lozzi, L.; Passacantando, M.; Picozzi, P.; Santucci, S. Thin and
ultra-thin films of nickel phthalocyanine grown on highly oriented pyrolitic graphite: An XPS,
UHV-AFM and air tapping-mode AFM study. Surf. Sci. 1997, 373, 318–332.
Guo, L.; Ma, G.; Liu, Y.; Mi, J.; Qian, S.; Qiu, L. Optical and non-linear optical properties of
vanadium oxide phthalocyanine films. Appl. Phys. B 2014, 74, 253–257.
Djurišić, A.B.; Kwong, C.Y.; Lau, T.W.; Guo, W.L.; Li, E.H.; Liu, Z.T.; Kwok, H.S.; Lam, L.S.M.;
Chan, W.K. Optical properties of copper phthalocyanine. Opt. Commun. 2002, 205, 155–162.
Andzelm, J.; Rawlett, A.M.; Orlicki, J.A.; Snyder, J.F.; Baldridge, K.K. Optical properties of
phthalocyanine and naphthalocyanine compounds. J. Chem. Theory Comput. 2007, 3, 870–877.
Nitschke, C.; O’Flaherty, S.M.; Kröll, M.; Doyle, J.J.; Blau, W.J. Optical properties of zinc
phthalocyanine nanoparticle dispersions. Chem. Phys. Lett. 2004, 383, 555–560.
Ziminov, A.V.; Polevaya, Y.A.; Jourre, T.A.; Ramsh, S.M.; Mezdrogina, M.M.; Poletaev, N.K.
Photoluminescence of nitro-substituted europium (III) phthalocyanines. Semiconductors 2010, 44,
1070–1073.

Materials 2014, 7

6601

27. Sakakibara, Y.; Bera, R.N.; Mizutani, T.; Ishida, K.; Tokumoto, M.; Tani, T.
Photoluminescence properties of magnesium, chloroaluminum, bromoaluminum, and metal-free
phthalocyanine solid films. J. Phys. Chem. B 2001, 105, 1547–1553.
28. Claessens, C.G.; Blau, W.J.; Cook, M.; Hanack, M.; Nolte, R.J.M.; Torres, T.; Wöhrle, D.
Phthalocyanines and phthalocyanine analogues: The quest for applicable optical properties.
Chem. Mon. 2001, 132, 3–11.
29. De la Torre, G.; Vázquez, P.; Agulló-López, F.; Torres, T. Role of structural factors in the
nonlinear optical properties of phthalocyanines and related compounds. Chem. Rev. 2004, 104,
3723–3750.
30. Jung, S.-H.; Choi, J.-H.; Yang, S.-M.; Cho, W.-J.; Ha, C.-S. Syntheses and characterization of
soluble phthalocyanine derivatives for organic electroluminescent devices. Mater. Sci. Eng. B
2001, 85, 160–164.
31. Wojdyła, M.; Bała, W.; Derkowska, B.; Rębarz, M.; Korcala, A. The temperature dependence
of photoluminescence and absorption spectra of vacuum-sublimed magnesium phthalocyanine
thin films. Opt. Mater. 2008, 30, 734–739.
32. Yang, Y.; Samas, B.; Kennedy, V.O.; Macikenas, D.; Chaloux, B.L.; Miller, J.A.; Speer, R.L.;
Protasiewicz, J.; Pinkerton, A.A.; Kenney, M.E. Long, directional interactions in cofacial silicon
phthalocyanine oligomers. J. Phys. Chem. A 2011, 115, 12474–12485.
33. Rodríguez, A.; Sánchez Vergara, M.E.; García Montalvo, V.; Ortiz, A.; Alvarez, J.R. Thin films
of molecular materials synthesized from C32H20N10M (M = Co, Pb, Fe): Film formation,
electrical and optical properties. Appl. Surf. Sci. 2010, 256, 3374–3379.
34. Della Pirriera, M.; Puigdollers, J.; Voz, C.; Stella, M.; Bertomeu, J.; Alcubilla, R.
Optoelectronic properties of CuPc thin films deposited at different substrate temperatures. J. Phys.
D Appl. Phys. 2009, 42, doi:10.1088/0022-3727/42/14/145102.
35. El-Nahass, M.M.; Sallam, M.M.A.; Ali, H.A.M. Optical properties of thermally evaporated
metal-free phthalocyanine (H2Pc) thin films. Int. J. Mod. Phys. B 2005, 19, 4057–4071.
36. Heutz, S.; Salvan, G.; Jones, T.S.; Zahn, D.R.T. Effects of annealing on the properties of molecular
thin film heterostructures. Adv. Mater. 2003, 15, 1109–1112.
37. Yoshino, K.; Hikida, M.; Tatsuno, K.; Kaneto, K.; Inuishi, Y. Emission spectra of
phthalocyanine crystals. J. Phys. Soc. Jpn. 1973, 34, 441–445.
38. Toader, M.; Gopakumar, T.G.; Abdel-Hafiez, M.; Hietschold, M. Exploring the F16CoPc/Ag(110)
interface using scanning tunneling microscopy and spectroscopy. Part 1: Template-guided adlayer
structure formation. J. Phys. Chem. C 2010, 114, 3537–3543.
39. Peisert, H.; Knupfer, M.; Fink, J. Energy level alignment at organic/metal interfaces: Dipole and
ionization potential. Appl. Phys. Lett. 2002, 81, 2400–2402.
40. Sosa-Sánchez, J.L.; Galindo, A.; Gnecco, D.; Bernès, S.; Fern, G.R.; Silver, J.; Sosa-Sánchezan, A.;
Enriquez, R.G. Synthesis and characterization of a new (phthalocyani-nato)bis(carboxylate)
silicon(IV) compound with increased solubility. J. Porphyr. Phthalocyanines 2002, 6, 198–202.
41. Davies, D.A.; Schnik, C.; Silver, J.; Sosa-Sanchez, J.L.; Riby, P.G. A high-yield microwave heating
method for the preparation of (phthalocyaninato)bis(chloro)silicon(IV). J. Porphyr. Phthalocyanines
2001, 5, 376–380.

Materials 2014, 7

6602

42. O’Leary, S.K.; Lim, P.K. On determining the optical gap associated with an amorphous
semiconductor: A generalization of the Tauc model. Solid State Commun. 1997, 104, 17–21.
43. Cody, G.; Tiedje, T.; Abeles, B.; Brooks, B.; Goldstein, Y. Disorder and the optical-absorption
edge of hydrogenated amorphous silicon. Phys. Rev. Lett. 1981, 47, 1480–1483.
44. Cody, G.D. Hydrogenated Amorphous Silicon—Optical Properties. In Semiconductors and
Semimetals; Elsevier: Amsterdam, The Netherlands, 1984; Volume 21, pp. 11–82.
45. Touka, N.; Benelmadjat, H.; Boudine, B.; Halimi, O.; Sebais, M. Copper phthalocyanine
nanocrystals embedded into polymer host: Preparation and structural characterization. J. Assoc.
Arab Univ. Basic Appl. Sci. 2013, 13, 52–56.
46. El-Nahass, M.M.; Abd-El-Rahman, K.F.; Al-Ghamdi, A.A.; Asiri, A.M. Optical properties of
thermally evaporated tin-phthalocyanine dichloride thin films, SnPcCl2. Phys. B Condens. Matter
2004, 344, 398–406.
47. Seoudi, R.; El-Bahy, G.S.; El Sayed, Z.A. FTIR, TGA and DC electrical conductivity studies of
phthalocyanine and its complexes. J. Mol. Struct. 2005, 753, 119–126.
48. Hart, M.M. Cationic Exchange Reactions Involving Dilithium Phthalocyanine. Ph.D. Thesis,
Wright State University, Dayton, OH, USA, 2009.
49. Kumar, S.; Malhotra, R.; Dhindsa, K.S. Nucleophilic addition reactions involving the copper(II)
complex of tetrabenzo[b,f,j,n][1,5,9,13]tetraza-cyclohexadecine(2,3;6,7;10,11;14,15-Bzo4[16]octane1,5,9,13-N4). Polyhedron 1992, 11, 1383–1385.
50. Busch, D.H.; Katovic, V.; Taylor, L.T. Nickel(II) and copper(II) complexes containing new
monocyclic and polycyclic ligands derived from the cyclotetrameric Schiff base of
o-aminobenzaldehyde. Inorg. Chem. 1971, 10, 458–462.
51. El-Nahass, M.M.; Farag, A.M.; Abd El-Rahman, K.F.; Darwish, A.A.A. Dispersion studies and
electronic transitions in nickel phthalocyanine thin films. Opt. Laser Technol. 2005, 37, 513–523.
52. Del Caño, T.; Parra, V.; Rodríguez-Méndez, M.L.; Aroca, R.F.; De Saja, J.A. Characterization of
evaporated trivalent and tetravalent phthalocyanines thin films: Different degree of organization.
Appl. Surf. Sci. 2005, 246, 327–333.
53. Mok, T.M.; O’Leary, S.K. The dependence of the Tauc and Cody optical gaps associated with
hydrogenated amorphous silicon on the film thickness: αl Experimental limitations and the
impact of curvature in the Tauc and Cody plots. J. Appl. Phys. 2007, 102,
doi:http://dx.doi.org/10.1063/1.2817822.
54. Seoudi, R.; El-Bahy, G.S.; El Sayed, Z.A. Ultraviolet and visible spectroscopic studies of
phthalocyanine and its complexes thin films. Opt. Mater. 2006, 29, 304–312.
55. Azim-Araghi, M.E.; Krier, A. Optical characterization of chloroaluminium phthalocyanine (ClAlPc)
thin films. Pure Appl. Opt. J. Eur. Opt. Soc. Part A 1997, 6, 443–453.
56. Benami, A.; Santana, G.; Ortiz, A.; Ponce, A.; Romeu, D.; Aguilar-Hernández, J.;
Contreras-Puente, G.; Alonso, J.C. Strong white and blue photoluminescence from silicon
nanocrystals in SiNx grown by remote PECVD using SiCl4/NH3. Nanotechnology 2007, 18,
doi:10.1088/0957-4484/18/15/155704.
57. Rodríguez, A.; Arenas, J.; Pérez-Martínez, A.L.; Alonso, J.C. Role of ammonia in depositing
silicon nanoparticles by remote plasma enhanced chemical vapor deposition. Mater. Lett. 2014,
125, 44–47.

Materials 2014, 7

6603

58. Rodriguez-Gómez, A.; García-Valenzuela, A.; Haro-Poniatowski, E.; Alonso-Huitrón, J.C.
Effect of thickness on the photoluminescence of silicon quantum dots embedded in silicon
nitride films. J. Appl. Phys. 2013, 113, doi:http://dx.doi.org/10.1063/1.4811361.
59. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts; John Wiley
and Sons: Hoboken, NJ, USA, 2004; p. 366.
60. Ceyhan, T.; Altındal, A.; Erbil, M.K.; Bekaroğlu, Ö. Synthesis, characterization, conduction and gas
sensing properties of novel multinuclear metallo phthalocyanines (Zn, Co) with alkylthio substituents.
Polyhedron 2006, 25, 737–746.
61. El-Nahass, M.M.; Abd-El-Rahman, K.F.; Darwish, A.A.A. Fourier-transform infrared and UV-vis
spectroscopes of nickel phthalocyanine thin films. Mater. Chem. Phys. 2005, 92, 185–189.
62. Chau, L.K.; England, C.D.; Chen, S.; Armstrong, N.R. Visible absorption and photocurrent
spectra of epitaxially deposited phthalocyanine thin films: Interpretation of exciton coupling effects.
J. Phys. Chem. 1993, 97, 2699–2706.
63. Tonzola, C.J.; Alam, M.M.; Kaminsky, W.; Jenekhe, S. A New n-type organic semiconductors:
Synthesis, single crystal structures, cyclic voltammetry, photophysics, electron transport, and
electroluminescence of a series of diphenylanthrazolines. J. Am. Chem. Soc. 2003, 125,
13548–13558.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

