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Abstract: In this work, we investigated an organic semiconductor based on zinc 8-hydroxyquinoline
(ZnQ2) and tetracyanoquinodimethane (TCNQ), which can be used as a photoactive layer in organic
devices. The semiconductor was optimized by applying density-functional theory (DFT) methods,
and four hydrogen bridges were formed between ZnQ2 and TCNQ. Later, thin films of ZnQ2-
TCNQ were successfully deposited. The films were structurally and morphologically characterized,
and the optical characteristics of the photoactive layer were investigated using ultraviolet–visible
spectroscopy and time-dependent density-functional theory (TDDFT) calculations. The comparison
and analysis of the experimental and theoretical absorption spectra indicate that the optical bandgap
of the photoactive layer is 2.4 eV. Additionally, a flexible photo device was manufactured with the
active layer ZnQ2-TCNQ, and its electrical behavior was evaluated under dark and light conditions.
The results show a significant change in the behavior of the device when radiation is eliminated; the
layer is light sensitive. The electrical resistance in the flexible photo device is associated with the
optical behavior of the materials that constitute the active layer.

Keywords: DFT calculations; thin film; photoactive layer; optical properties; electrical properties

1. Introduction

In recent decades, several studies have been carried out on organic semiconductor
devices and their feasible applications [1]. Due to their versatile properties and simple
preparation method, organic semiconductors have been used in organic electronics, biolog-
ical sensors, and renewable energy [1–6]. Organic semiconductors show slow mobility of
carriers, although they present π delocalized links, a strong chemical interaction between
the organic units integrating the semiconductors, and the possibility of generating the
molecular blocks that constitute conduction channels [7–9]. The combination of organic
semiconductors defines the efficiency of organic devices, like organic solar cells (OSCs) or
organic light-emitting diodes (OLEDs), and their performance can be improved by adding
interfacial materials between the photoactive layer and the electrodes [5]. This plays a
critical role in circumventing the shortcomings of the cathode transport layer (CTL). As a
result of the inclusion of interfacial materials, the charge transport is balanced, and the
CTL tunes the electrode work function (WF) appropriately [4]. Because of their favor-
able WF, good electrical conductivity, excellent charge carrier mobility, and good stability
under ambient conditions, metal–quinoline (MQ) organic complexes have been used in
organic optoelectronic devices [4,7,10–12]. MQ complexes are easily dissolved in polar
solvents, making them compatible with solution processing and enhancing their device
performances and stability [13]. Due to the above, they have also been studied in analytical
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chemistry as emitters; some examples include AlQ3, ZnQ2, and BeQ2 [7–19]. It is important
to stress that the nature of an attached metal ion affects the stability, evaporability, and
emission and color of metal–quinoline derivatives [4,11]. The fluorescence of MQs has
resulted in its classification as the most important class of electroluminescent/electron
transport materials [20]. Changing the central metal ion affects the luminescence peak
position of the metal quinoline [4,9–11,20]. In addition, efficiency is inversely proportional
to the atomic number of the metal ion, which increases in the intersystem crossing, a phe-
nomenon known as “heavy atom effect” [4,10,11]. Due to the above, MQ organic complexes
can be used in modern electronics for the development of OLEDs [8–11,20,21].

The first OLEDs with ZnQ2 complexes were reported in 1993 [11], and since then,
they have been used to improve electron transport properties due to their π–π overlap of
molecular orbitals. It is thus important to determine whether the ZnQ2 complex can form
part of a photoactive layer, enabling it to be used in other types of optoelectronic devices,
such as OSCs or photodiodes [22,23]. To verify the above, in the current study, a device con-
stituted by a photoactive layer composed of ZnQ2 and tetracyanoquinodimethane (TCNQ)
was manufactured, and its electrical behavior was evaluated. Zinc 8-hydroxyquinoline
was used as an electron donor species, whereas TCNQ was used as an electron accep-
tor. TCNQ is a stable compound and capable of forming stable radicals, with valence
electrons located above and below the median plane of the molecule, in delocalized π

orbitals [24,25]. In order to improve the understanding of the structural, vibrational,
and absorption properties of the photoactive layer, density-functional theory (DFT) and
time-dependent density-functional theory (TDDFT) calculations were performed on the
ZnQ2-TCNQ semiconductor. The IR and absorption spectra for the synthesized semicon-
ductor were compared with those obtained theoretically, whereas the experimental optical
bandgap was compared with that determined by TDDFT.

2. Materials and Methods

8-Hydroxyquinoline zinc (C18H12N2O2Zn) and 7,7,8,8-tetracyanoquinodimethane
(C12H4N4) were obtained from Sigma-Aldrich (Saint Louis, MO, USA) and required no
further purification. In order to identify their main properties, for example, absorption
and vibrational modes of the radicals, FTIR and UV–VIS were determined on a Nicolet
iS5 FTIR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and a Unicam
Spectrophotometer model UV300 (Thermo Fisher Scientific Inc., Waltham, MA, USA),
respectively. Afterwards, a ZnQ2-TCNQ semiconductor in powder (Figure 1a) was obtained
by dissolution of 107.3 ± 0.1 mg (0.3 mmol) of 8-hydroxyquinoline zinc and 109.8 ± 0.1 mg
(0.5 mmol) of TCNQ in 20 ± 1 mL of methanol. The mixture was kept under reflux at 75 ◦C
for 24 h, and the obtained solid was filtered and washed with methanol in order to remove
“free” amounts of both initial materials. Finally, the mixture was dried in a vacuum for
24 h at 25 ◦C so that the charge transport properties were not influenced by an excess of
solvent. For its optical and electrical characterization, the ZnQ2-TCNQ semiconductor was
deposited as a thin film (see Figure 1b) onto coated glass slides, PET with a transparent
film of indium tin oxide (ITO), quartz, and high-resistivity monocrystalline n-type silicon
wafers (c-Si). The method for deposition was by sublimation in a high vacuum chamber
(Intercovamex, S.A. de C.V., Cuernavaca, Morelos, México) composed of two pumps: a
mechanical one that resulted in an initial vacuum of 10−3Torr and a turbomolecular one
that produced a final vacuum at a chamber of 1 × 10−5Torr. In order to carry out the
deposit, the material was heated at 300 ◦C, the deposition rate was 1.5 Å/s, and thickness
was monitored by applying a quartz crystal monitor. It is important to mention that the
glass and quartz substrates were previously cut and washed consecutively in an ultrasonic
bath with solvents: chloroform, ethanol, and acetone. The silicon substrates, however,
were cut and later washed with “p” solution (10 mL HF, 15 mL HNO3, and 300 mL H2O)
to remove surface oxide. In order to study the morphology of the films of the charge
transfer complex, ZEISS EVO LS 10 scanning electron microscopy (Zeiss International
Inc., Göttingen, Germany) was performed for the films deposited on the glass substrates.
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Subsequently, the thin films were analyzed by FTIR spectroscopy in silicon wafers. The
optical absorption of the films on the quartz substrates was measured at a wavelength range
of 200–1100 nm by UV–VIS spectroscopy. A flexible device (PET/ITO/ZnQ2-TCNQ/Ag)
was manufactured by sublimation in a high vacuum chamber, and in order to characterize
its electrical behavior, a programmable voltage source, a sensitizing station with lighting
and temperature controller circuit from Next Robotics (Comercializadora K Mox, S.A. de
C.V., CDMX, Mexico), and an autoranging Keithley 4200-SCS-PK1 picoammeter (Tektronix
Inc., Beaverton, OR, USA) were employed. The area of the manufactured device was
292 mm2, and the thickness of the ZnQ2-TCNQ active layer was 5.8 nm. The evaluation
of electrical behavior in the device was performed both under lighting conditions at
different wavelengths and in darkness. External quantum efficiency (EQE) in the device
was obtained using a QUESA-1200 system with a LED light source from TFSC Instrument
Inc. (Intercovamex, S.A. de C.V., Cuernavaca, Morelos, México) under a white light
irradiation of 100 mW/cm illumination from an AM1.5 solar simulator.
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Figure 1. ZnQ2-TCNQ semiconductor in (a) powder and (b) thin film on quartz.

3. Theoretical Calculations

For the preliminary structural characterization of the ZnQ2-TCNQ compound, we
applied a hybrid method based on the combination of Becke’s gradient corrections [26]
for exchange and Perdew–Wang’s for correlation [27]. This is the scheme for the B3PW91
method, which is included in the Gaussian 16 [28] package. The calculations were per-
formed using the 6-31G** basis set; it should be said that this method was selected because
it has shown good performance in the prediction of structural parameters [29]. Likewise,
the Perdew–Burke–Ernzerhof (PBE) [30] generalized gradient approximation (GGA) func-
tional was used for the exchange and correlation terms in the Kohn–Sham Hamiltonian,
as implemented in the Amsterdam Density Functional (ADF2013.01) [31] package. This
functional was selected because it concurred very well with experimental vibrational and
optical parameters for organometallic compounds [32]. The standard Slater-type orbital
basis set with a quality of triple-ζ, plus two polarization functions (TZ2P), was used. For the
self consistent field (SCF) convergence, an accuracy of 10−5 Hartree and a gradient of 10−4

Hartree/Å were selected. In all cases, frequency calculations were carried out at the same
level of theory used for the geometrical calculation in order to confirm that the optimized
structures were at a minimum on the potential energy surface. The simulated absorption
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spectrum was evaluated for the first 200 singlet–singlet electronic transitions allowed using
the PBE/TZ2P method within the TDDFT formulation, as implemented in ADF2013.01.

4. Results and Discussion

To determine the feasibility of the experimental synthesis of the charge transfer com-
plex from the donor ZnQ2 and the electronic acceptor TCNQ, the molecular geometry
of both precursor compounds and the complex was optimized using the DFT methods
described previously. Figure 2a shows the optimized geometry derived from calculations
using the B3PW91/6-31G** method [28,33,34]. According to our calculations, four hydro-
gen bridges are formed between ZnQ2 and TCNQ, all of these around 2.5 Å (see Table S1
in Supplementary Materials (SM) for specific N-H and O-H distance values); TCNQ is
located under the zone of the hydroxyquinoline that is supported by two oxygen atoms.
Interactions between the oxygen and hydrogen atoms are present, as well as between the
terminal nitrogen of TCNQ and the hydrogen of hydroxyquinoline. Both DFT methods in-
dicate that the energy value is approximately 17.88 kcal/mol and corresponds to the whole
no-covalent interaction between both parts of the complex. Additionally, in Figure 2b,c,
it is apparent that the Highest Ocupied Molecular Orbital (HOMO), which is double degen-
erated, belongs entirely to ZnQ2, and the Lowest Unoccupied Molecular Orbital (LUMO)
corresponds exclusively to TCNQ, revealing the electronic transfer from hydroxyquinoline
to TCNQ within this semiconductor. The energy values of the molecular orbitals will
enable the correlation of the electronic structure with the functions of the charge transfer
complex ZnQ2-TCNQ inside the optoelectronic device. For this type of compound, where
the charge transport occurs predominantly by means of the HOMO-to-LUMO jump mecha-
nism, energies below 3 eV are required. The above states that an efficient electron injection
takes place from the contact electrodes of the device to the semiconductor [34,35]. In this
case, the HOMO–LUMO gap predicted using B3PW91 is 1.252 eV. Note that this value is
below the established limit of 3 eV for the organic semiconductors used in optoelectronic
devices. Table 1 summarizes the energy values of the HOMO and LUMO obtained by
means of the B3PW91/6-31G** method for the complex ZnQ2-TCNQ, as well as for its
precursor compounds. As apparent in the table, the HOMO and LUMO values for the
complex contrast with those obtained for its precursors [36]. This is to be expected when
the charge transfer compound is formed; however, it is notable that the predicted values
using B3PW91 are near the WF of silver (WF = 4.2 eV) and ITO (WF = 4.7 eV) used later
in the manufacture of the device, whose energy diagram is illustrated in Figure 3a. This
figure predicts that a device with ohmic contact will be generated, manifesting different
phenomena. First, after the electrons are displaced from the HOMO of the donor to the
LUMO of the acceptor, they will be injected/extracted towards the cathode. Then, the
hollow created in the HOMO will be transferred to the anode without the generation of
energy barriers that hinder the charge injection–extraction process.

Table 1. Energy values of orbitals HOMO and LUMO for compound ZnQ2-TCNQ and their precursor
compounds from B3PW91/3-31G**.

Compound HOMO (eV) LUMO (eV)

ZnQ2 −5.333 −1.904
TCNQ −7.429 −4.925

ZnQ2-TCNQ −5.605 −4.353

There are other important factors that influence the transport properties of the com-
pound inside the device, such as the dipole moment of the molecule, which, according
to both DFT methods, is 8.81 Db. This high polarity indicates the heterogeneous charge
distribution along the structure of ZnQ2-TCNQ generated by atoms, such as the oxygen
of hydroxyquinoline and the nitrogen of TCNQ. In Figure 3b, the electrostatic potential
mapped onto the electron density is apparent; the red zones represent the strong electroneg-
ative poles, one localized on the heterocyclic region of the hydroxyquinoline moiety and
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some discrete ones on the terminal nitrogen atoms of the TCNQ fragment. The important
value of the dipole moment arises from the interaction between these regions, and those
that are electropositive are shown in green-blue or blue colors.
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The results obtained from B3PW91/6-31G** calculations point to the feasibility of
carrying out the experimental synthesis of the semiconductor ZnQ2-TCNQ. After the
synthesis, the semiconductor was characterized in its main functional groups through
IR spectroscopy. The IR spectrum was compared with those obtained theoretically, and
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they concur well; both spectra are shown in Figure 4. Notably, the theoretical B3PW91
and PBE spectra are similar, except for small shifts in the bands. Characterizing our
experimental spectrum, with reference to our theoretical spectra, we found that the most
intense characteristic peaks on the 400–600 cm−1 region can be shown to relate to the
asymmetric stretching vibrations of metal ion with attached ligands. In the first zone of
the 700–850 cm−1 band, we localized in-plane deformation vibrations of both TCNQ and
ZnQ2, whereas the next section in this band is totally dominated by wagging and torsional
vibrations in Q2. The band at 1100–1200 cm−1 corresponds to scissors of H atoms. In the
bands in the 1260–1700 cm−1 zone, alternating vibrations were identified in TCNQ or
hydroxyquinoline, although in general, the most intense vibrations are associated with
the last molecule. The TCNQ signal is observed at 2192 cm−1, which refers to the CN
stretching mode of the cyano groups. The main differences between the theoretical and
experimental spectra are due to the presence of TCNQ moiety; the corresponding changes
are found in the region between 2070 cm−1 and 2380 cm−1. These signals are related to
the C-H vibrations of TCNQ, which may be in excess. Note that a more detailed analysis
is presented in Table 2. It is apparent that, generally, our description concurs well with
previous descriptions in the literature [11,37–41]. Thus, the good agreement between the
experimental IR spectrum and those obtained theoretically indicates that these calculations
constitute an effective approach to this experimental study. Subsequently, the optimized
structures in Figure 2 will be used in the subsequent evaluation of the optoelectronic
properties of ZnQ2-TCNQ.
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In order to evaluate the optical and electrical properties of the organic semiconductor
ZnQ2-TCNQ, we manufactured thin films using the high vacuum evaporation technique.
The film over silicon was evaluated by SEM; Figure 5 shows the microphotograph of the
film. These images are used to infer homogeneity in the microstructural properties of
charge transport in the active region of the device [42]. The image shows a heterogeneous
film with irregularly shaped particles distributed throughout the film. The irregular form
in films arises as a result of their heterogeneous nucleation and subsequent growth. During
the preparation of the films by sublimation in a high vacuum method, the semiconductor
is sublimated at 300 ◦C and later deposited on the substrates that are at room temperature.
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This thermal shock generates heterogeneous cores that, when grown, give origin to particles
with irregular form. According to Figure 5, the bulk heterojunction is formed between
hydroxyquinoline and TCNQ. In this type of union, the active layers of optoelectronic
devices are formed by a kind of mixture between the electronic donor and the acceptor,
which are deposited together. A random distribution of ZnQ2 and TCNQ components is
the result, manifesting a greater contact surface and, consequently, a greater diffusion of
excitons [43]. Notably, in the manufacture of the described device, an active layer with
a bulk heterojunction was chosen rather than a flat heterojunction, because according to
the values calculated for the HOMO and LUMO shown in Table 1, the flat heterojunction
generates a greater number of energy barriers that limit the transport of electrons and holes
in the device.

Table 2. Experimental and calculated IR frequencies and their assignment for ZnQ2-TCNQ.

ZnQ2-TCNQ
ν (cm−1)

Experimental

ZnQ2-TCNQ
ν (cm−1)

B3PW91/6-31G**

ZnQ2-TCNQ
ν (cm−1)

PBE/TZ2P
Assignment

2192 2297 2231 C-N bond stretching in TCNQ

1603 1628 1609 C=C bond stretching in the
ring-TCNQ

1580 1593 1582
In-plane deformations in the

rings-Q2 by C-N and C-C bond
stretching

1462 1428 1450 C-C symmetric bond stretching
in the rings-Q2

1175 1142 1187 Asymmetric H scissors in
TCNQ

734, 648, 600 755, 635, 611 734, 644, 613 In-plane ring deformations and
wagging vibrations in Q2
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Figure 5. SEM for ZnQ2-TCNQ film at (a) 500 × and (b) 1000×.

The UV–VIS absorption in the organic semiconductor was evaluated theoretically
and experimentally in a thin film over quartz, and the spectra obtained are shown in
Figure 6. The ZnQ2-TCNQ film exhibits an ultraviolet absorption peak in the range of 200–
400 nm (Figure 6a). The absorption spectrum is dominated by intense absorption bands
at 198 nm, 261 nm, and 367 nm. Theoretically, these bands are located at 211 nm, 272 nm,
and 340 nm (see Figure 6b). According to our TDDFT calculations, the band a at 198 and
211 nm (experimental and theoretical, respectively) mainly consists of five singlet–singlet
electronic transitions, the strongest one corresponding to metal-centered charge transfer,
the other two mainly related to intramolecular charge transfer in hydroxyquinoline, while
the two most energetic ones relate to the electronic interchange between the ZnQ2 and
TCNQ species. In Table S2, the parameters characterizing these electronic transitions
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(energy, oscillator strength, molecular electronic transition, and weight of the electronic
transition) are presented, and in Figure S1, the molecular orbitals involved in each of
these are schematized. Next, the strongest electronic transitions in the absorption band
b, observed at 261 and 272 nm (experimental and theoretical, respectively), mainly relate
to HOMO − 1→ LUMO + 1, HOMO − 5→ LUMO + 2, and HOMO − 6→ LUMO + 1
transitions, which again represent intramolecular charge transfer in hydroxyquinoline.
Interestingly, in this band we also found some less strong electronic transitions that can be
assumed to represent metal-to-ligand charge transfer state (i.e., from the zinc ion to the
8HQ molecule (e.g., the electronic transitions at 266.34, 265.43, and 261.95 nm in Table S2));
we recognize that this type of transition has already been reported [10] and clearly shows
π–π* as it was found in experimental and theoretical fashion [44]. Finally, the lower energy
band c, at 367 and 340 nm (experimental and theoretical, respectively), is characteristic of
hydroxyquinoline, as shown in Figure S1, involving singlet–singlet (HOMO, HOMO − 1)
→ LUMO + 6 and (HOMO, HOMO − 1)→ LUMO + 5 transitions, all of which correspond
to intramolecular charge transfer in hydroxyquinoline, which concurs well with previous
descriptions [45–48]. The differences between the experimental and theoretical spectra
are related to the displacement of the three bands in the experimental spectrum with
respect to the theoretical one. This differences can be attributed to several factors. First, the
experimental values can vary due to the film rugosity, crystallinity, morphology [49], and
so forth. Furthermore, the comparison between a single molecule (theoretical result) and a
solid state (experimental result) is expected to involve substantial differences.
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Information about interband transitions and optical activation energy in our sample
was determined with reference to the analysis of the UV–VIS spectral dependence of
the absorption near the fundamental absorption edges within the framework of a single
electron theory [12,50]. The optical activation energy, also known as the optical gap (Eopt)
associated with the semiconductor films, is determined through an extrapolation of the
straight-line graphs to zero absorption observed in the spectral dependence of (αhν)1/2

over a limited range of photon energies (hν) (see Figure 7) [51]. The absorption coefficient
(α) and frequency (ν) are experimentally obtained from the UV–VIS spectrum and the
thickness of the film, while h is Planck’s constant. The coefficient α near the band edge
shows an exponential dependence on photon energy, which usually obeys the Urbach
relation αhν = β(hν− Eg)

n, and 1
2 is a number characterizing the transition process in

amorphous semiconductors [51,52]. The optical electronic transitions in the film ZnQ2-
TCNQ are of the indirect type, which is characteristic of amorphous films obtained by the
high vacuum evaporation process used in this work. When radiation falls on the film,
during the UV–VIS spectroscopy, a photon is absorbed by an electron in the HOMO, which
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is localized in ZnQ2 and moves to the LUMO that is found in the TCNQ moiety. During the
transition, besides the absorption of a photon, the exchange of a phonon is also produced,
changing the electron wave vector [52]. For these indirect transitions, the obtained Eopt is
2.41 eV, and considering the energy difference of the HOMO and LUMO orbitals recorded
in Table 1, the HOMO–LUMO gap has a value of 1.52 eV and is smaller than Eopt. Eopt
depends on the structural factors of the material, such as the alternation in bond length,
nature of the films, presence of impurities resulting from the doping process, and degree
of stacking of the electron donor and acceptor molecules [5]. Conversely, the theoretical
bandgap does not consider external effects on the semiconductor molecules, hence the
difference in its values with respect to Eopt.

In Table 3, the lowest 15 singlet–singlet transitions, apt for comparison with our
TDDFT calculations, are presented. Note that there are at least 10 electronic transitions
under 2.41 eV; however, except for transitions at 2.393 eV and 2.434 eV, their oscillator
strength f is at the order of magnitude 10−2, which is indicative of a weak electronic
transition (i.e., although these transitions are feasible, they have a very low probability of
occurring). Instead, the order of magnitude of the oscillator strength for the transitions at
2.393 eV and 2.434 eV (0.016 and 0.029 u.a., respectively) is the same as for the stronger
transitions in band c; we can thus suppose that they are likely to have relativity high
occurrence. In contrast, the electronic transition at 2.636 eV definitively has to occur, because
its oscillator strength is f = 0.4101 u.a. Note that these three transitions concur very well
with the optical gap obtained from our experimental sample. A brief revision shows that
the transitions at 2.393 eV and 2.434 eV are both HOMO − 7→ LUMO and HOMO − 1→
LUMO + 1 transitions, the first ascribed to a charge transfer from ZnQ2 to TCNQ; however,
the strongest at 2.636 eV makes a high intramolecular TCNQ contribution (see Table S3 and
Figure S2 in Supplementary Materials). Finally, the theoretical and experimental values
obtained indicate the possibility of using thin films of this compound as a photoactive
layer in optoelectronic devices (gap < 3 eV). These results must be complemented with the
evaluation of the electrical properties of organic semiconductors.
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Table 3. The first 15 singlet–singlet transitions allowed. ET is the energy of the electronic transition,
and f the oscillator strength.

ET (eV) F (u.a.)

0.080 0.0008
0.098 0.0023
1.486 0.0016
1.625 0.0006
1.662 0.0000
1.674 0.0011
2.152 0.0000
2.153 0.0000
2.393 0.0161
2.409 0.0023
2.434 0.0288
2.476 0.0078
2.493 0.0053
2.636 0.4101
2.781 0.0000

In order to evaluate the capacity of ZnQ2-TCNQ as a photoactive layer, we manufac-
tured a flexible device, PET/ITO/ZnQ2-TCNQ/Ag (Figure 8a), that follows the operation
described in the energy scheme in Figure 3a. According to the energy scheme, the electron
injection barrier between Ag and ZnQ2-TCNQ is 0.153 eV, and the hollow injection barrier
between ZnQ2-TCNQ and ITO is 0.905 eV. From the above results, it can be deduced that
in the device, the extraction of electrons at the cathode (Ag) will be more efficient than the
extraction of holes at the anode (ITO). On the side of the active layer, which is responsible
for the absorption of radiation, and where the charge carriers are generated, the charac-
teristics that ZnQ2-TCNQ shows and this feature allow for its analysis as a component of
optoelectronic devices [5,43]. Such characteristics are (i) the layer is formed by an electron
donor material and electron acceptor material, which are hydroxyquinoline and TCNQ,
respectively; (ii) its components form a kind of homogeneous mixture and can be deposited
together, giving place to the dispersed heterojunction, and (iii) it presents a bandgap of less
than 3 eV [5,43]. Figure 8b shows graphs of the current density (J)–voltage (V) obtained
under both light and dark conditions. The measurements generate a symmetrical behav-
ior, which indicates the ambipolarity of ZnQ2-TCNQ as a photoactive layer. Likewise,
irradiating the device results in ohmic behavior with a greater amount of J transported.
This J obeys the law JαVm, where “m” varies with the injection level and is also related
to the distribution of trapping centers. Commonly, these traps are not localized at the
same energy; they are distributed at different energy levels. As shown in Figure 8b, “m”
values were obtained from the slope using a least-square fitting, and J increases linearly,
whereas m > 2 (m = 4) shows that the trapping centers are exponentially distributed [12].
It is important to consider that despite the heterogeneous charge distribution obtained
from DFT and shown in the electrostatic potential mapped in Figure 3b, no saturation of
charges occurs in the device. Saturation would be observed as a change in the slope of the
J–V curve, and in this case, the device would change to a regime not governed by Ohm’s
law. Nevertheless, under lighting conditions for this device, there is no excess electrical
charge within the active layer for any voltage applied. With respect to the measurement in
dark conditions, a significant decrease in J is observed; this is indicative of high resistance
inside the device. For 1 V, the J carried in lighting conditions is 4.22 × 10−6 A/mm2, while
in dark conditions, it is 1.13 × 10−6 A/mm2. Because the composition of the active layer
and the design of the device were not modified during the time these measurements were
taken, it can be assumed that the electrical resistance is associated with the optical behavior
of the materials that constitute the active layer. This layer is light sensitive, and apparently,
the device behaves like a photodiode [3,10,21]. To evaluate the above, J–V measurements
were performed on the device with different radiation conditions; the results are presented
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in Figure 8c. In this graph, all the curves reveal ohmic behavior. In the presence of white
light, the largest J is obtained, while the lowest J is obtained with the green light. This be-
havior under the green light may relate to the scarce electronic transitions that are possible
(see Table 3) with some probability of occurrence at this range of energy (~2.5–2.25 eV).
Likewise, according to accepted models in the literature [53], in a photovoltaic device, an
electrical current is created from the split the excitons generate when the electron donor
species absorb light in such a way that electrons are photoexcited and transferred to the
electron acceptor material, leaving behind the so-called “holes” and forming in this manner
charge transfer states (excitons) at the interface with the electrons on the acceptor and
the holes on the donor [53]. Then, setting in this context of our system, we can say that
the transitions are in the range of 2.5 eV–2.25 eV, which do not favor electronic transport,
as most of them are intramolecular transitions in either the hydroxyquinoline or TCNQ
molecule (see Figure S2 in Supplementary Materials); that is, the electron–hole pair gener-
ated is on the donor or acceptor, which very probably favors the process of recombination,
canceling the opportunity to create an electrical current. In another context, it is important
to consider that the radiation of different wavelengths gives place to a decrement on the
transported current density at the same voltage according to the following relationship:
J(white) > J(blue) > J(red) > J(orange) > J(violet) > J(yellow) > J(green). This is probably due
to the fact that in the amorphous film of ZnQ2-TCNQ, the transport of charge by hopping
occurs by electronic transfers between the energy levels located in the molecules of ZnQ2
and TCNQ that are close to each other. However, the energy of their orbitals is affected by
the surrounding environment, which, due to the disorder in the structure of the film, affects
each molecule differently and depends on the wavelength of the incident radiation [54].
The device can be used as a light detector, as a variation in the wavelength of the incident
radiation in the device generates a change in the current that the device delivers. Addition-
ally, it is important to bear in mind that the values obtained for J, which are reported in
Figure 8, are in the same order of magnitude as those reported by Haggag et al. for films of
nano Zn(II)-hydroxy-nitrosoquinolate [12] or by Sevgili et al. [3] and Onlaor et al. [7] for
aluminum 8-hydroxyquinoline, and that these are superior to those recently reported by
Demir et al. for films covered with 8-hydroxyquinoline for diode applications [21]. The
above, together with the theoretical and experimental results of UV–VIS spectroscopy and
the gap, reaffirm the possibility of using ZnQ2-TCNQ as a photoactive layer.
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One of the most important parameters used to characterize photodiodes is external
quantum efficiency (EQE) [55]. This parameter refers to the number of photons emitted
by the device with respect to the number of injected charges. The EQE measured from
375 to 1150 nm using a LED light source in the device exhibited a maximum value of
1.04%, which, although very low, can be increased. The optimization of the EQE and the
enhancement in the functioning of this device may be the subject of future studies. Some
of these studies can focus on incorporating an injector, transporting, and blocking layers of
both holes and electrons, in addition to the corresponding active layer. The presence of
interfacial layers generates a good energy correlation between the energy level of the active
layer that participates in the transport of charges and the work function of each electrode.
Another aspect that can be improved in the device is the thickness and roughness control of
all the films that integrate such device, including the thickness and roughness of the active
layer ZnQ2-TCNQ. Talking about this active layer, its amorphous structure can change to a
crystalline structure by means of thermal treatments, such as annealing. This treatment
has the function of ordering the molecular structure of the semiconductor, favoring the
charge transport.

5. Conclusions

A photoactive layer constituted by ZnQ2 and TCNQ was manufactured. Hydrox-
yquinoline was used as an electron donor species, while TCNQ was used as an electron
acceptor; this was determined from TDDFT calculations. The experimental and simulated
infrared spectra showed that theoretical calculations adequately reproduce the calculated
and experimental band positions in the ZnQ2-TCNQ compound. A molecular orbital
analysis was carried out to define the character of the charge transfer in the organic semi-
conductor, finding that most of the strongest electronic transitions are an intramolecular
charge transfer in ZnQ2, although some metal-centered and metal-to-ligand charge trans-
fers were also identified. Additionally, the experimental optical gap was determined from
the analysis of the UV–VIS spectral dependence of the absorption near the fundamental
absorption edges. The optical gap for the charge transfer complex corresponds to that
of organic semiconductors, with 2.41 eV being the experimental value obtained. From
TDDFT calculations, three electronic transitions are predicted at 2.39, 2.43, and 2.63 eV.
These concur well with the experimental values; the first two manifest a charge transfer
contribution from ZnQ2 to TCNQ. However, both transitions are weak compared with
that at 2.63 eV, which corresponds to an intramolecular charge transfer in TCNQ. From the
synthesized compound, a flexible device was manufactured, and its electrical behavior was
evaluated under dark and light conditions. Both measurements generated a symmetrical
behavior, which indicates the ambipolarity of ZnQ2-TCNQ as a photoactive layer and
an ohmic dependence between transported J and V applied in illuminated conditions.
The J carried in light conditions is 4.22 × 10−6 A/mm2, whereas in dark conditions, it is
1.13 × 10−6 A/mm2. This layer is light sensitive, and the device behaves as a photodiode.

Supplementary Materials: Supplementary theoretical data. The following are available online at
https://www.mdpi.com/2079-9292/10/2/117/s1. Table S1. Distances calculated for the hydrogen
bridges formed between ZnQ2 and TCNQ, and HOMO-LUMO gap (Eg). Table S2. Molecular elec-
tronic transitions calculated for ZnQ2-TCNQ using TDDFT-PBE/TZ2P method, and the parameters
characterizing them: energy electronic transition (ET), oscillator strength (f), transition from occupied
molecular orbital to unoccupied molecular orbital, and weight of the transition. Table S3. Electronic
transitions singlet-singlet with energy comparable to the experimental optical gap Eopt = 2.4 eV,
and with a higher probability of occurrence. Figure S1. Schematization of the main molecular
electronic transitions fashioning the bands in the absorption spectrum. Color code: purple arrows
represent the transitions in band (a); blue arrows correspond to transitions in band (b); and light blue
arrows represent the transitions in band (c). Figure S2. Schematization of the electronic transitions
singlet-singlet with energy comparable to the experimental optical gap Eopt = 2.4 eV, and with a
higher probability of occurrence (see Table S3).
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