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Abstract: The doping and crystallization of the molecular semiconductor formed from the magnesium
phthalocyanine (MgPc) and 1-(4-Methoxyphenyl)-2,2,6,6-tetramethyl-5-phenylhepta-3,4-dienedioic
(MTPDA) acid was carried out in this work. The crystals obtained were characterized by using
transmission electronic microscopy (TEM), Raman spectroscopy, and X-Ray diffraction (XRD), to later
evaluate their optical behavior. Raman, IR, and UV–Vis results indicate that the MgPc has been
doped with the MTPDA. A uniform material layer with particles is observed as a result of a two-stage
process, nucleation and growth. The polycrystalline films are constituted by a mixture of α and β
phases with crystalline sizes of ~7 nm, 14 nm, and 20 nm average sizes. The films exhibit a preferred
orientation along the [001]. The MTPDA doping does not have an important effect on the molecule
planar distances indicating that the MTPDA molecule is among the equivalent MgPc plane direction.
A transparent region with a minimum at 483 nm is observed, also a B-band at 337 nm and a Q-band
transition with a high-energy peak around 639 nm, and a low energy peak around 691 nm.
Keywords: organic semiconductors; metallophthalocyanine; thin films; Raman spectroscopy;
structural analysis

1. Introduction
New alternatives have been developed for conventional electronic devices made up mainly by
inorganic semiconductors, i.e., those devices fabricated based on silicon and germanium technologies.
The need of new materials comes from the high costs that represent the production, either bottom-up
and top-down processing, of standard electronic devices in nanotechnology due to the complexity
of conventional fabrication methods. In this way, several methodologies have been proposed using
organic routes, specifically for organic semiconductor materials, which allows not only the fabrication
of electronic devices at low cost, but also the possibility of tune the electrical and optical properties
by engineering mainly π-conjugated systems. There is a wide variety of organic semiconductors, so
their classification can be based on size, applications, rheological properties, etc. Based on compounds
families, organic semiconductors can be classified into oligoacenes, small molecules, polymers, discotic
systems, charge transfer complexes, fullerenes, and graphenes [1–3]. Metallophthalocyanines (MPcs) are
within the group of discotic systems [1–3] formed by a functionalized aromatic nucleus. The MPcs have
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shown great chemical diversity due to their central cavity, which can be replaced with approximately
70 different metallic ions and other organic ligands [4]. MPcs show π-conjugated macrocycles [5],
long and strong wavelength absorption values, and high efficiency when generating reactive oxygen
species [6]. Their peculiar Van der Waals interactions [7] and their feasible chemical modification,
makes them suitable as good candidates for applications in microelectronics and nanophotonics [8],
for instance as in the photocopier industry [4]. In thin films form, the MPcs have been used for
the development of photosensitizers [6], organic light emitting diodes (OLEDs), organic field-effect
transistors (OFET), dye-sensitized solar cells [9,10] and photoinitiators [11]. MPcs can be deposited as
thin films by physical or chemical methods, depending on the desired thickness. For example, vacuum
thermal evaporation is a common method to obtain films below 1 µm thick and without degradation,
due to the thermal stability of the MPcs molecules [12,13]. On the other hand, crystallization of
MPcs compounds is important to tune the physical properties and the correlation with the crystalline
structures for device applications. The MPcs molecules exhibit a tendency to order in crystalline
phases, due to the aromatic rings stacking. The attractive forces between aromatic rings are mainly π-π
interactions and hydrogen bonds. These interactions facilitate the formation of different crystalline
phases, which are highly dependent on the substituents in the macrocycle and the molecules orientation
and spacing [9,14]. In addition, the deposit conditions and their thermal annealing post-treatments
determine the molecular orientations and the crystallinity of the films [14–16]. Crystallization in MPcs
may be present in two different angle arrangements between the axis and the stacking direction: the
α-crystals and β-crystals. The formed angle between the symmetry axis and the stacking direction for
α-crystals is of 26.5◦ and for β-crystals is of 45.8◦ [17,18]. Each of the crystalline arrangements has its
characteristic opto-electronic behavior, since the orientation of molecules modify the π transitions and,
the Q and Soret (B) bands [19]. It has been identified five transition bands for the MPcs, labeled as Q, B,
N, L, and C bands [20]. On electronic devices applications, particularly thin films deposited solid-state
devices, the absorption spectrum responds to different broad bands assigned to two π-π* transitions
systems: a B band in the blue region and a Q band in the red region [19]. Characterization of MPcs
through Raman spectroscopy allows the identification of the bands, assigned in an analogous manner
by two π-π* transitions, to a B or Soret band in the blue region and a Q band with the associated
vibration bands in the red region [19,21].
In the present work, the aim is to develop an organic semiconductor capable of being used in
optoelectronic devices. Previous works have demonstrated that incorporating doping on MPc could
lead to interesting applications like membrane base optoelectronic devices [10]. However, a deeper
study should be done in order to understand the material’s capability to work as semiconductor
and to understand the effect of the doping on the structural and optoelectronic properties. The last
derived from the carrier transport mechanisms during conduction, and photogenerated carrier
during light absorption, which would lead to a best selection of the doping material properties
for a specific application. Raman spectroscopy was performed on magnesium doped MPc (MgPc)
with 1-(4-Methoxyphenyl)-2,2,6,6-tetramethyl-5-phenylhepta-3,4-dienedioic acid and crystallized by
diffusion, the results obtained were complemented by IR spectroscopy. Transmission Electron
Microscopy (TEM) was carried out for the doped MgPc crystals to determine the crystalline
structure analyzed by the electron diffraction patterns of the molecules. Structures of the mentioned
molecules are shown in Figure 1. High-resolution transmission electron microscopy (HRTEM)
imaging provided information about crystalline lattices of the samples. Later, the thin films
were measured by UV–Vis spectroscopy to complement the information about the Q and B
bands. To generate a probable improvement on the optoelectronic properties of the MgPc,
the 1-(4-Methoxyphenyl)-2,2,6,6-tetramethyl-5-phenylhepta-3,4-dienedioic acid was used dope the
compound within the thin films. MgPc is used for its ability to act as a donor species and an electronic
acceptor [6,7,11,20,22], while dienedioic acid is chosen because is a compound capable of receiving
electrons [22]. The dienedioic acid has two contiguous C=C bonds and also aromatic groups, which
have an alternation between double and single bonds, that favors electronic delocalization and the
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Figure 1. Structure of (a) MgPc and (b) 1-(4-Methoxyphenyl)-2,2,6,6-tetramethyl-5-phenylhepta-3,4Figure
1. Structure
of (a) MgPc and (b) 1-(4-Methoxyphenyl)-2,2,6,6-tetramethyl-5-phenylhepta-3,4dienedioic
acid.
dienedioic acid.
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using a Bragg-Brentano geometry on a Bruker D8 Advance diffractometer (Bruker Corporation,
Billerica, MA, USA) with a CuK-α (λ = 0.15405 nm) radiation source. UV–Vis spectrometry allowed
the measurement of the optical transmittance and absorption of thin film MgPc-MTPDA samples
on quartz substrate in the 1100–200 nm range using an UV–Vis spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Finally, Silver contacts were evaporated for electrical measurements.
The electrical I–V characteristics were measured in the 0–10 V range, with a channel width and length
of ~19 and 1 mm respectively, using a sensing station with a temperature-controlled circuit from Next
Robotix (Comercializadora K Mox, S.A. de C.V., Mexico City, Mexico) and an auto-ranging Keithley
4200-SCS-PK1 pico-ammeter (Tektronix Inc., Beaverton, OR, USA).
3. Results
The Crystallized MgPc-MTPDA Raman spectrum is shown on Figure 2 where the maximum
peak positions were labeled for analysis. Previous works have calculated the Raman scattering for
the MgPc, which gives evidence of the characteristic vibrational Raman shift of these MPcs [28–33].
The Raman bands correspond to deformations and stretching bond vibrations, and characteristic Mg-N
bonds vibrations. The most intense peaks were found to be approximately in the 1200–1600 cm−1
interval. First, it is reported that the ~1500–1550 cm−1 MPc Raman peak shifts depending on the central
atom [29]. The aromatic vibration mode shown on Figure 2 is observed at 1501 cm−1 , which is related to
the A1g symmetry. Second, MPc may present different polymorphic forms as α, β mainly. These forms
can be distinguished by main macrocycle Raman shift on the stretching vibration [28–33]. The peaks at
588 and 1141 cm−1 present a shift to lower wavelengths indicating the presence of an α-phase in the
MgPc. Although, the presence of the 773 cm−1 , 1199 cm−1 peaks and a shoulder at 1307 cm−1 and their
shift to higher wavelengths indicate the presence of a β-phase [28]. Therefore, the MgPc is constituted
by both, α and β, polymorphic phases. Furthermore, the most intense Raman scattering mode is at 1335
cm−1 with symmetry A1g and a shoulder at ~1310 cm−1 with symmetry B1g. The second most intense
mode of the MgPc is at 1435 cm−1 with symmetry B1g. Moreover, it can be observed vibration mode
at 1573 cm−1 with symmetry B1g for the MgPc and aromatic groups due to their enhanced change
of dipole moments. Further analysis should be done to understand the peaks shown on Figure 2 for
the crystallized MgPc-MTPDA, which indicate different features. The most intense peak (1335 cm−1 )
can be attributed to the MgPc C-N stretching mode and C-H in plane H bending mode. The 682 cm−1
band is related to the Mg central atom of the crystallized phthalocyanine for the Mg-N vibration mode.
The 773 cm−1 band is related to the antisymmetric stretching of the MgPc C-N-C bonds. The ~882 cm−1
band is related to the MTPDA C-C-O stretching and C-C skeltan vibrations. The 985 cm−1 band is
related to the MgPc and MTPDA C-H in plane bending. The 1099 cm−1 band is related to the C=C=C
stretching in dienedioic acid MTPDA, MTPDA stretching C-C-O characteristic band and MTPDA C-H
in plane H bending. The 1141 cm−1 band is related to the MgPc α phase and MTPDA C-H in plane
bending of the aromatic rings. The 1199 cm−1 band is related to the aromatic C-H in plane H bending
of the MgPc β-phase. The 1435 cm−1 band is related to the MTPDA C-O-H deformation mode, MgPc
N=C=N symmetric stretching mode, MTPDA CH3 antisymmetric stretching mode, aromatic ring
stretching and aromatic ring bending-stretching combined mode. The 1501 cm−1 band is related to
aromatic ring bending-stretching combined mode and aromatic ring stretching. The 1573 cm−1 band is
associated to aromatic ring bending-stretching combined mode and aromatic ring stretching. Lastly,
the 1689 cm−1 band is associated to the MTPDA C=C stretching mode, MTPDA C=O symmetric and
antisymmetric stretching modes and the MTPDA C=O stretching mode [28–33]. On the other hand,
it was unable to evaluate the hydrogen bonding between MgPc and MTPDA due to the Raman bands
multiple composition, which affect the peak intensity and position.
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Figure 2. Raman spectrum of MgPc-MTPDA.
Figure 2. Raman spectrum of MgPc-MTPDA.
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Figure 4 shows the TEM micrographs as well as the selected area electron diffraction (SAED)
pattern for the crystallized MgPc-MTPDA complex, which was prepared by peeling off the film from
substrate and subsequently deposited on a lacey carbon copper grid. On the TEM images at different
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cards for the β MgPc. The MgPc β-phase is a monoclinic crystal with the following
unit cell dimensions: a = 18.971 Å, b = 4.916 Å, c = 14.401 Å, α = γ = 90◦ and β = 119.89◦ [29,30].
Conventional selected area electron diffraction is configured in a broad parallel illumination on
the specimen. The SAED pattern of the sample is shown in Figure 5a. Low electron dose (~50

Figure 4 shows the TEM micrographs as well as the selected area electron diffraction (SAED)
pattern for the crystallized MgPc-MTPDA complex, which was prepared by peeling off the film from
substrate and subsequently deposited on a lacey carbon copper grid. On the TEM images at different
magnifications, it is possible to observe dark rounded clusters on the thin film about ~7 nm, 14 nm,
and 20 nm. The inclusion is related to the crystalline phase of the MgPc, the selected area is marked
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in Figure 4b, where clusters are grouped. These results are in good agreement with those given in the
crystallographic cards for the β MgPc. The MgPc β-phase is a monoclinic crystal with the following
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Table 2. MgPc SAED pattern results for d-spacing and plane indexing compared to JEMS simulations.

Ring
1
2

(hkl)
(3̅12)
(4̅12)

Experimental Measurement (nm)
0.3394
0.2880

Simulated Values (nm)
0.3748
0.3383
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MgPc-MTPDAmicrographs
micrographsatat(a)
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250×,and
and(c)
(c)10,000×.
10,000×.

In order to verify the structure in the film, XRD was carried out and the results are shown
in Figure 7a and Table 3 where the spacing between the planes (d) is presented. The α-phase is
characterized by the peak observed at 2θ = 6.9◦ . This peak arises from the interlayer spacing of
stacks of tilted molecules, which means that crystals are oriented with the MgPc molecular planes
perpendicular to the substrate [14,42]. The peaks observed at 2θ = 24.8◦ and 26.9◦ corresponds to the
β-phase [14,42,43]. The XRD patterns obtained in the film indicate a polycrystalline structure and a
mixture of α- and β-phases. These results were compared with those calculated for MgPc and are
shown in Figure 7b and Table 3. Moreover, similar values are observed between the theoretical and
experimental diffraction patterns. It is observed a shift on the diffraction peaks 2θ, which also is a
consequence of a change on planar d-spacing. The variations of the planar distances are as large as
0.32 Å and as small as it is equal to the theorical value. The previous observation has two contributions,
the first, is related to the complex doping, indicating that the MTPDA doping process had taken place
among all directions. Moreover, the MgPc-MTPDA concentration on each of the crystals, which affects
the crystalline grain size, have a slight effect on the observed peak shift. Nevertheless, the existence
of an equal value between experimental and theorical of the planar distance for 2θ = 25.9◦ (3.44 Å)
indicates that there is no effect by the MTPDA doping on this direction and it is similar to the HRTEM
observation for an analogous d-spacing. Moreover, in Table 3 the full width at half maximum (FWHM)
and grain sizes for each 2θ peak are shown. The grain size is obtained from the X-ray peaks using
Figure 7.formula
X-ray diffraction
(a)ofexperimental
film and
calculated
for Å,
the Scherrer
from thepattern
FWHM
the peak: Lfor=MgPc-MTPDA
Kλ/βcosθ, where
K =(b)
0.9,
λ = 1.54059
MgPc.
β the FWHM in radians and θ the diffraction angle. It is observed that the grain size varies between
7.5 and 19.54 nm and with a 14.38 nm average size on the observed diffraction pattern. Most of
Table 3. Spacing between the planes in MgPc-MTPDA film.
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the 2θ peaks are over the average grain size. Moreover, the observed results indicate that the TEM
MgPc-MTPDA clusters
areMgPc-MTPDA
formed by nanocrystalline
coalescence
with
presenting different
Figure 6.
micrographs at (a)
50×, (b) 250×,
and grains
(c) 10,000×.
directions as observed.

Figure 7. X-ray diffraction pattern (a) experimental for MgPc-MTPDA film and (b) calculated for MgPc.
Figure 7. X-ray diffraction pattern (a) experimental for MgPc-MTPDA film and (b) calculated for
Table 3. Spacing between the planes in MgPc-MTPDA film.
MgPc.
2θ (◦ )

6.9

9.2

10.5

18.2

24.8

25.9

26.9

dexp (Å)

12.80

9.60

8.41

4.87

3.59

3.44

3.31

8.24planes in
4.81
3.57
3.44
Table12.48
3. Spacing9.32
between the
MgPc-MTPDA
film.

3.38

dtheo (Å)
FWHM

(◦ )

Grain size (nm)

0.4726

0.4993

0.4985

1.0723

0.5059

0.9313

0.4180

16.84

15.96

16.00

7.50

16.08

8.75

19.54

UV–Vis spectroscopy allows to analyze the important electronic transitions in thin films. Figure 8
shows the spectra for MgPc-MTPDA film in the wavelength range 200–1000 nm, the changes of slope
in the curve indicate that more than one energetic transition occurs between the energy bands of
film. The spectrum shows a transparent region with a maximum at 493 nm, indicating the onset of
fundamental absorption [44]. Additionally, the spectrum shows the presence of the B-band in the near
UV region, and the Q-band on the red side of the spectrum. These bands are related to the molecular
orbitals of the aromatic system with 18π-electrons and to the overlapping orbital on the central
magnesium [22,45]. For MgPc-MTPDA, different signals can be observed: a high-energy signal, around
634 nm, and a second one, a low energy, around 691 nm. Such two signals correspond to the Q-band
transition of the MgPc, assigned to the π-π* electronic transitions, due to the excitation of the electrons
for the double bonds (C=C) of the aromatic rings in the isondolic units [22,45]. The broadening of the
bands can be associated with the aggregation of molecules in the thin film [22,45]. Although, from the
spectra, it can be observed that the MgPc-MTPDA have the B-band in 337 nm [22,35,45]. The electronic
n-π* transition corresponds to a B-band which gives the fundamental absorption edge, the B-band it is
due to a2u (π) → e g (π∗ ) together with b2u (π) → e g (π∗ ) transitions [22,46,47]. The signals at 261 and
294 nm are due to the presence of the dienedioic acid MTPDA. Additionally, the doublet at 691 and
634 nm, correspond to the α and β structures of phthalocyanine and also are related to the formation
of singlet excitons [44,48,49].
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Figure 8. (a) The spectral distribution of transmittance and (b) the relation between (αhν)2 and photon
energy (hν) for the MgPc-MTPDA film.
energy (hν) for the MgPc-MTPDA film.
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Figure 9, a plot of ln(σ) versus 1000/T yields on data points that were linear-fitted with a straight line
whose slope can be used to determine the thermal activation energies of the thin films [57]. The selected
temperature interval comprises an intrinsic region and extrinsic region, where impurity scattering take
place. The charge conduction mechanism is interpreted as free band type and hopping, depending
on the temperature region. First, it is observed that the conductivity increases with the temperature,
thus the number of carriers and the mobility is increased. Finally, an activation energy of 0.21 eV was
calculated for the MgPc-MTPDA and compared to intrinsic MgPc, which is in a range between 0.22 to
0.43 eV depending on the deposition conditions [54]. The latter indicates that the thermal activation
energy Ea is decreased as the MTPDA is incorporated. Due to its capability of receiving electrons, an
inferred reduction of the energy between the conduction band and the donor level of the MgPc take
place. Considering the previous observation, the intrinsic high temperature region could also lead
to the same effect by incorporating the dienedioic acid in the MgPc. Although, the crystallization of
the film yield on a decrease of the activation energy by increasing the grain sizes. Thus, the defect
density from the as-deposited samples is decreased while annealing during the crystallization process.
Hence, the observed results indicate the presence of carrier trapping sites, mainly generated by the
incorporated MTPDA, that dominate the steady state carriers transport properties of the organic
semiconductor by the carriers hopping along with electrons, resulting from carriers escape from the
trap states. Moreover, Figure 9 indicates that there are no evident marked trap levels within the material
band gap. Even though, there is a distribution of trap levels, the number of levels might be affected by
the MTPDA incorporation. Moreover, doping could tailor the optoelectronic properties of the material.
Thus, MTPDA doped polymorphic crystalline MgPc has appropriate optoelectronic properties as an
organic semiconductor to be applied on electronic devices or as active film on optoelectronic devices.

Figure 9. Arrhenius plot of the ln(σ) vs. 1000/T for the MgPc-MTPDA film.

4. Conclusions
Crystals of magnesium phthalocyanine doped with 1-(4-methoxyphenyl)-2,2,6,6-tetramethyl-5phenylhepta-3,4-dienedioic acid were deposited. Structural and optoelectronic characterization has
been conducted to understand its semiconductor properties. Raman and IR results indicate the presence
of the MgPc and the MTPDA, evidenced by the characteristic vibration modes and that were supported
by UV–Vis. The obtained MgPc-MTPDA polycrystalline films are constituted by a mixture of α and β
phases with crystalline sizes of ~7 nm, 14 nm, and 20 nm average sizes, where grouped clusters are
also observed, supported by SAED and XRD. An error of 10% of the SAED lattice parameter has been
measured compared to simulated parameters. XRD evidenced that the α phase crystals are oriented
with the MgPc molecular planes perpendicular to the substrate. Planes have a preferred orientation
and along the [001] and MTPDA doping does not have an important effect on the distances between
ring planes indicating that the molecule is among the same plane direction of the MgPc within the
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complex. A uniform material layer with particles is observed as a result of a two-stage process of
nucleation and growth. The UV–Vis spectrum shows a transparent region with a minimum at 483 nm,
a B-band in 337 nm, a Q-band transition with a high-energy peak, around 639 nm, and a low energy
peak, around 691 nm. A fundamental gap at 3.09 eV and onset gap of 1.63 eV were obtained and are
similar to the undoped MgPc. Thermal conductivity measurements for the MgPc-MTPDA were done
and the obtained conductivities were around 10–102 S/cm and activation energy of 0.21 eV.
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