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Abstract: Nanocomposite films based on macrocyclic compounds (zinc phthalocyanine (ZnPc) and
5,10,15,20-tetra(4-pyridyl) 21H,23H-porphyrin (TPyP)) and metal oxide nanoparticles (ZnO or CuO)
were deposited by matrix-assisted pulsed laser evaporation (MAPLE). 1,4-dioxane was used as a
solvent in the preparation of MAPLE targets that favor the deposition of films with a low roughness,
which is a key feature for their integration in structures for optoelectronic applications. The influence
of the addition of ZnO nanoparticles (~20 nm in size) or CuO nanoparticles (~5 nm in size) in the
ZnPc:TPyP mixture and the impact of the added metal oxide amount on the properties of the obtained
composite films were evaluated in comparison to a reference layer based only on an organic blend.
Thus, in the case of nanocomposite films, the vibrational fingerprints of both organic compounds
were identified in the infrared spectra, their specific strong absorption bands were observed in the
UV-Vis spectra, and a quenching of the TPyP emission band was visible in the photoluminescence
spectra. The morphological analysis evidenced agglomerated particles on the composite film surface,
but their presence has no significant impact on the roughness of the MAPLE deposited layers. The
current density—voltage (J-V) characteristics of the structures based on the nanocomposite films
deposited by MAPLE revealed the critical role played by the layer composition and component ratio,
an improvement in the electrical parameters values being achieved only for the films with a certain
type and optimum amount of metal oxide nanoparticles.

Keywords: MAPLE; nanocomposite films; metal oxide nanoparticles; BHJ; optoelectronic applications

1. Introduction

The research interest on nanocomposites materials has increased dramatically over the
years, taking into account the fact that they can be used as functional nanomaterials that are
easily integrated into different areas, such as optoelectronics, environmental applications,
medicine, etc. [1-4]. Organic—inorganic composites have attracted special attention due to
the possibility of fabricating nanomaterials with enhanced properties by combining the
features of constituent components [2,5,6].

Lately, a hot research topic has consisted of designing and developing organic-
inorganic nanocomposites as thin films with tailored properties, owing to their wide
range of applications in fields such as optoelectronics, sensing, medicine, surfaces with
controlled wettability, etc. [1,4,6-8]. Among the organics, highly conjugated heteroaromatic
macrocyclic compounds such as porphyrins and their synthetic analogues (phthalocya-
nines) have shown remarkable properties, such as intense absorption in the visible domain,
structural flexibility, and compatibility with plastic substrates [9-11]. These organic ma-
terials are of interest in different application areas: optoelectronics (non-linear optical
materials [12], photovoltaic cells [13], and organic light-emitting diodes [14]) and medicine
(photodynamic therapy [15,16]). Moreover, metal phthalocyanines are cheap, nontoxic,
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and stable (chemically and thermally) semiconductors that can be used in various de-
vices [3,7,11,17]. The inorganic nanostructures to be embedded into an organic matrix
in order to obtain nanocomposite thin films must feature an adequate morphology and
size [18]. From inorganics, zinc oxide (ZnO) and copper oxide (CuO) can be easily obtained
(in large quantities) as nanostructures with a controlled morphology and size by various
wet and dry approaches that involve raw readily available materials and inexpensive
equipment [18-22]. The fabricated metal oxide nanostructures are used in electronics, food
packaging applications, or water treatment [18,20,23,24].

Organic-inorganic systems based on phthalocyanine (or porphyrin derivatives) and in-
organic semiconductors were investigated for their suitability in photovoltaic cells [25-27],
chemical gas sensors [7,28,29], photocatalysis [3], the biomedical field [30], etc. Although
different wet preparation methods (sol-gel [31], Langmuir-Blodgett [32], cathodic electrode-
position [25], etc.) were used for preparing such hybrid films with suitable properties for a
target application, spin-coating remains the most accessible technique for the deposition of
nanocomposite films [7,33,34]. However, spin-coating requires a highly concentrated solu-
tion (of which even 95% is lost during the deposition process) and substrates characterized
by a certain wettability and size make this method inaccessible in some conditions [7,35,36].
Moreover, the properties (such as the boiling point, vapor pressure, and evaporation rate) of
the solvent implied in the fabrication of the mixed layers have a great impact on their mor-
phology and roughness [37]. Thus, films deposited by spin-coating from blend solutions
containing solvents with a high vapor pressure display an increased surface roughness be-
cause the evaporation occurs faster [38], whereas films deposited from slowly evaporating
solvents feature a smooth surface [39].

Matrix-assisted pulsed laser evaporation (MAPLE) is a laser-processing technique
initially developed to deposit soft materials (especially biomaterials), which is currently
extended to the fabrication of composite layers [18,40,41]. Thus, various types of substrates
with different wettability were covered by MAPLE from solutions with a low concentration
of material (frequently 1-5% mass concentration) [41-43]. Several deposition parameters
can be tuned in order to obtain films with suitable properties, the most important being:
(i) the solvent involved in the preparation of the solution that is further frozen to fabricate
the MAPLE target and (ii) the laser fluence used during the deposition process [44,45].
The selection of the solvent must be made in correlation with its properties and the laser
wavelength, meaning that the solvent must completely dissolve the organic compound and
absorb the laser energy [44]. Hence, many solvents, such as dimethyl sulfoxide (DMSO),
chloroform, toluene, o-xylene, pseudocumene, chlorobenzene, 1,2-dichlorobenzene, 1,2,4-
trichlorobenzene, or tetrahydrofuran, were used in the MAPLE deposition for obtaining
films characterized by a suitable morphology, which were further integrated into opto-
electronic devices [44,46-51]. Thus, poly [2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene
vinylene] (MEH-PPV), a luminescent polymer used frequently in organic light-emitting
diodes (OLEDs), was deposited from toluene or tetrahydrofuran by MAPLE [49]. Poly
3-hexylthiophene (P3HT) is another polymer suitable for organic photovoltaics that was
deposited by MAPLE from o-xylene [50]. In addition, polymeric films based on regio-
regular poly [3-(4-octyloxyphenyl) thiophene] (POOPT) were fabricated by MAPLE from
chloroform [51]. These studies emphasized that the obtained MAPLE films preserved the
chemical structure and the optical properties of the organic raw materials, their morphology
being influenced by the substrate temperature.

In the MAPLE process, similar to the behavior noted in the spin-coating related to the
vapor pressure parameter, smooth films are deposited when low-vapor-pressure solvents
are used [44]. It has to be mentioned that, even if the surface of the films prepared from
a low-pressure solvent (e.g.,, DMSO) is smoother than that of the films prepared from
high-pressure solvents (e.g., chloroform), the MAPLE films can contain solvent traces due
to the formation of solvent droplets at the laser—target interaction [52].

In this context, the present study was focused on the MAPLE deposition and charac-
terization of nanocomposite layers based on macrocyclic compounds (zinc phthalocyanine
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(ZnPc) and 5,10,15,20-tetra(4-pyridyl)21H,23H-porphyrin (TPyP)) with different types of
conduction (ZnPc-p and TPyP-n) and metal oxide nanoparticles (ZnO or CuO) also with
different types of conduction (ZnO-n and CuO-p). ZnPc is a well-known metal phthalocya-
nine characterized by high absorption properties, and is more soluble in different solvents
than other similar phthalocyanine compounds (e.g., copper phthalocyanine) [53]. TPyP
is a porphyrin that presents absorption in the visible part of the solar spectrum and can
be easily obtained in thin-film form [54]. 1,4-dioxane is involved as a solvent (for the first
time) in the preparation of MAPLE targets, this compound being a good solvent for ZnPc
and showing good absorption at the laser wavelength (248 nm) used during the MAPLE
process [53,55]. Although, 1,4-dioxane was recently utilized as a solvent in the deposition
of polycaprolactone through a material jetting technique for biomedical applications [56]
and as a co-solvent (together with methanol) in the deposition of perovskite films by spin-
coating for photovoltaic cell applications [57], to our knowledge, there is no report on using
1,4-dioxane as a solvent in the MAPLE deposition.

2. Experimental Section

The organic compounds ZnPc, TPyP, and 1,4-dioxane were purchased from Sigma
Aldrich and used as received. The chemical reagents Zn(CH3;COO),, Cu(CH3COO),,
NaOH, and ethanol were purchased from Merck and used without further purification.
Metal oxide nanoparticles were synthesized by modifying the precipitation procedures
described in the references [58,59]. Thus, under vigorous stirring, an aqueous solution
of 0.25 M NaOH was added in an aqueous solution of 0.1 M Zn(CH3COOQO), for ZnO
while an ethanol solution of 0.036 M NaOH was added in an ethanol solution of 0.018 M
Cu(CH3COOQ); for CuO. After 1 h at 70 °C, the white (ZnO) and black (CuO) precipitates
were collected by centrifugation, washed with distilled water, and dried at room temper-
ature. The morphological, structural, and optical properties of the prepared metal oxide
nanoparticles were investigated using a Zeiss Merlin Compact field emission scanning
electron microscope, a Bruker D8 Advance set-up (in a Bragg-Bretano geometry) with Cu
Kol (A = 1.4506 A) monochromatized radiation, and a Perkin Elmer Lambda 45 UV-Vis
spectrophotometer equipped with an integrating sphere.

In the next step, a laser with excimer (KrF*, Coherent, CompexPro 205, A = 248 nm,
TFWHM ~25 ns) and 1,4-dioxane were involved in the MAPLE deposition of the organic
and composite films. The reference layer based only on the organic compounds (ZnPc:TPyP,
in 1:1.5 ratio) was prepared from a solution with 3% weight/volume concentration in
1,4-dioxane. In the case of composite layers, the inorganic nanoparticles (ZnO or CuO)
were dispersed in the organic solution mixture (ZnPc:TPyP), keeping the concentration (3%
weight/volume) in 1,4-dioxane constant. Practically, 15% or 25% of the amount of TPyP
was replaced by an amount of ZnO nanoparticles in order to prepare the P1 and P2 samples,
while the same percentage (15% or 25%) of ZnPc was replaced by an amount of CuO
nanoparticles for obtaining P3 and P4 samples. Thus, depending on the component weight
ratio in the MAPLE deposited layers (ZnPc:TPyP:ZnO:CuO), the investigated samples were
labelled as follows: PO (1:1.5:0:0), P1 (1:1.275:0.225:0), P2 (1:1.125:0.375:0), P3 (0.85:1.5:0:0.15),
and P4 (0.75:1.5:0:0.25). The same experimental parameters were employed in all MAPLE
deposition: 300 mJ/ cm? laser fluence, 70 000 number laser pulses, 20 Hz repetition rate,
and 5 cm target—substrate distance. In the same deposition cycle, the organic and com-
posite layers were deposited on glass and silicon substrates for structural, morphological,
and optical measurements and on indium tin oxide (ITO) covered with a thin layer of
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 40 nm) substrates
for evaluating the potential application of the developed structures in the optoelectronic
domain. More details about the MAPLE process and the deposition of PEDOT:PSS film on
ITO/glass substrates by spin-coating are provided in the reference [46].

Further, the organic and nanocomposite layers deposited by MAPLE were assessed
from morphological, vibrational, optical, and electrical point of view. The thickness was
estimated as an average media of three scans in different points by an Ambios Technology
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XP 100 profilometer. The morphology and the elemental composition were evaluated using
a Zeiss Gemini SEM 500 field emission scanning electron microscope equipped with an
energy-dispersive X-ray analysis Quantax Bruker XFlash detector 610 M accessory and a
Nanonics 4000 Multiview atomic force microscope. The infrared spectra were collected
in the 700-1700 cm ! domain with an IRTracer-100 spectrometer, the UV-Vis spectra in
the 250-850 nm range by a Thermo Scientific Evolution 220 Spectrophotometer, and the
photoluminescence (PL) spectra in the 450-750 nm domain (Aexc = 435 nm) using an FL
920 Edinburgh Instruments spectrometer with a 450 W Xe lamp excitation and double
monochromators on both excitation and emission.

In order to perform the electrical measurements, on top of the organic or composite
layers deposited on ITO/PEDOT:PSS, lithium fluoride (LiF, 1.5 nm) and aluminium (Al,
~100 nm) films were deposited through shadow masks by vacuum thermal evaporation
using a Tecuum AG, VCM600-V3-80 set-up. The role of the LiF film is to improve the
electron injection. The substrates were kept at room temperature and the pressure in
the deposition chamber was 1.6 x 10~® mbar. Hence, the electrical and photo-electrical
behavior of the fabricated structures were investigated from current density—voltage (J-V)
measurements carried out in dark and under illumination (AM 1.5, incident power density
equal to 100 mW/cm?), all tests being performed in air. The experimental set-up was
formed by a Keithley SourceMeter 2400 model, a Newport Oriel monochromator, and a
Newport Oriel solar simulator controlled by a computer, the working interface being a
homemade one based on LabVIEW 7.1 software (National Instruments, Austin, TX, USA).

3. Results and Discussion

The morphological, structural, and optical properties of the chemically synthesized
inorganic powders were firstly evaluated. The FESEM images (Figure 1) disclose that
ZnO (Figure 1a,b) and CuO (Figure 1d,e) powders are formed by quasi-monodispersed
particles with sizes of ~20 nm and ~5 nm, respectively. Further, the particle size distribution
histograms of the metal oxide nanoparticles were obtained using the ImageJ 1.53t software,
these disclosing a relatively homogeneous size distribution.

The XRD patterns (Figure 2a,c) reveal the main peaks corresponding to the Miller in-
dexes of the reflecting planes assigned to the hexagonal wurtzite ZnO structure (Figure 2a),
ICDD 00-035-1451, and monoclinic CuO structure (Figure 2c), ICDD 00-048-1548. The
mean crystallite size (D) of the metal oxide samples was estimated at ~17 nm for ZnO and
~2 nm for CuO using the Debye-Scherrer equation D = KA/3cos8, where K = 0.9 (shape
factor), A = 0.154 nm (wavelength of the incident CuK« radiation), 6 = the Bragg angle, and
= FWHM (full width at half maximum of the most intense diffraction peaks). In the opti-
cal reflectance spectra (Figure 2b,d), a strong decrease can be observed below ~400 nm and
~900 nm due to the band-to-band transition in ZnO and CuO, respectively, the band gap
value being estimated at around 3.32 eV for ZnO and 1.42 for CuO by plotting [F(R)*E]? ver-
sus photon energy (E), where F(R) is the Kubelka-Munk function, with F(R) = (1 — R)?/2R,
and R is the observed diffuse reflectance (insets Figure 2b,d). Both band gap values are in
agreement with those previously reported for these two semiconductors [21,60,61].

These results confirm that the prepared metal oxide nanoparticles have adequate
properties for their embedding in organic-inorganic nanocomposite films with a thickness
of ~100 nm.

Subsequently, the organic and composite films deposited by MAPLE were assessed
by infrared spectroscopy in order to analyze the preservation or damage of the chemical
structure of the organic components during the MAPLE process. FTIR measurements
were carried out both on MAPLE deposited films and on films obtained by drop-casting
from the solution containing only the organic compounds (the same solution used in the
preparation of the target involved in the deposition of the PO sample by MAPLE). In this
way, an accurate evaluation can be achieved, taking into account that the specific vibration
bands of each organic component can be more easily identified in the FTIR spectra of the
thicker film deposited by drop-casting (Figure 3a) than in the FTIR spectra of the MAPLE
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deposited films (Figure 3b). The phthalocyanines are synthetic analogues of porphyrin [9];
hence, absorption bands observed at approximately 727 cm~! (C-H bond out-of-plane
deformation), 1406 cm™~! (isoindole stretch), and 1594 cm ! (stretching of the C=C bond in
benzene from ZnPc or in pyridyl from TPyP [54,62]) can be assigned to both organic com-
pounds. Specific phthalocyanine vibration bands are observed at approximately 750 cm ™!
(C-H bond in-plane deformation), 781 cm~ ! and 883 em ™! (benzene breathing), 1060 cm L,
1085 cm™ 1, 1119 em ™, 1163 ecm™!, 1285 cm~! (C-H bond bending), 1333 cm~! (in-plane
stretch of pyrrole), 1456 cm ! and 1483 cm™! (isoindole stretch), and 1610 cm™! (C=C
bond stretch in benzene) [62]). Specific TPyP vibration bands are noted at approximately
800 cm~! (C-H bond vibration in pyrrole), 971 cm~! and 1003 cm~! (vibration of the C-N
bond and relaxation of the porphyritic ring, both specific to the porphyrin base), and
1352 cm ™! (stretching of the C=N bond), respectively [63].

Number of counts
Number of counts

8 12 16 20 24 28 32 36 40 44 0 1 2 3 4 5 6 7 8 9
Nanoparticle size (nm) Nanoparticle size (nm)

Figure 1. FESEM images (at two magnifications) and particle size distribution histograms of the
chemically synthesized ZnO (a—c) and CuO (d—f) nanoparticles.
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Figure 2. XRD patterns (a,c) and reflectance spectra (b,d) of the chemically synthesized ZnO (a,b)
and CuO (c,d) nanoparticles.
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Figure 3. FTIR spectra of the reference film prepared by drop-casting from PO solution (a) and P0-P4
films deposited by MAPLE (b) on silicon. Color legend of peaks and lines: magenta—both organic
components, ZnPc and TPyP; blue—ZnPc; orange—TPyP.

Although, in the FTIR spectra of the films deposited by MAPLE, the absorption
bands of ZnPc and TPyP are less intense due to the film thickness ranging from 60 nm to
105 nm, their presence confirms that the chemical structures of both organic components
are preserved during the MAPLE deposition.
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Usually, the morphology and the thickness of the layers involved in the fabrication of
devices have a major impact on their performance. FESEM images (Figure 4), EDX maps
(Figure 5), and AFM images (Figure 6) of the MAPLE deposited films reveal that these are
uniform and continuous with some aggregates on their surface, with a morphology specific
to the MAPLE films [63].

Figure 4. FESEM images of the P0-P4 films deposited by MAPLE on silicon. Insets: EDX spectra and
atomic percentages of the elements in the corresponding samples.
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Figure 5. FESEM image (a) and EDX mapping (b) only for Cu element of P4 film deposited by
MAPLE on silicon.

Figure 6. AFM images of the P0-P4 films deposited by MAPLE on ITO/PEDOT:PSS (10 um x 10 um).

The FESEM images (Figure 4) disclose that the aggregates are randomly distributed
on the layer surface. As expected, the presence of the metal oxide nanoparticles increases
the size and number of the aggregates, which tend to form clusters, a similar effect also
being observed in the case of films deposited by spin-coating [64]. Moreover, the FESEM
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images (Figure 4) revealed that the P1 and P2 samples present larger clusters than P3 and
P4 samples due to the presence of ZnO nanoparticles, which have larger sizes than those of
CuO nanoparticles (Figure 1). Thus, the globular morphology characteristic to the MAPLE
deposition [42,46] together with the particularities linked to the metal oxide nanoparticle
size and components ratio result in films with surfaces containing aggregates that have a
clusterization tendency. The presence of the metal oxide nanoparticles in the composite
films deposited by MAPLE is proved by the EDX spectra (Figure 4 insets), the signals
corresponding to C, N, O, Zn, and Cu (elements contained by both organic and inorganic
components) being identified. For all EDX spectra, the most intense peak is assigned to the
Si signal, silicon substrates being used in the deposition process. In the composite films,
the increase in the amount of ZnO or CuO leads to an increase in the Zn or Cu atomic
percentage in P1-P2 and P3-P4, respectively. The difference noted in the Zn signal can be
explained by taking into consideration the following aspects: the ZnPc amount is the same
in the PO-P2 samples and is lower in the P3-P4 samples (due to the addition of CuO instead
of Zn0O), so the Zn atomic percentage increases from the P0 film (based only on ZnPc:TPyP)
to the P1 film and further to the P2 film due to the addition of ZnO, and decreases from the
P3 film to the P4 film due to the increase in the added CuO amount in these samples.

Further, the distribution of the metal oxide nanoparticles in the composite films was
assessed. Taking into account that the presence of Zn peak can be related to both ZnPc and
ZnO, and is not relevant for the presence of only ZnO nanoparticles, the FESEM image
(Figure 5a) and the corresponding EDX map (Figure 5b) are given for the P4 film, this
sample containing the highest amount of CuO nanoparticles.

Hence, the EDX map illustrates a uniform distribution of the Cu element on the entire
surface of the composite layer, confirming that the metal oxide powder was well dispersed
in the organic mixture during the preparation of the target and was further uniformly
transferred in the composite layer.

The influence of the addition of inorganic nanoparticles in the organic mixture on
the surface and thickness of the MAPLE deposited layers was further explored. Thus, the
roughness parameters (root mean square (RMS), roughness average (Ra)) were evaluated
based on the AFM images (Figure 6), their values and the layer thickness being summarized
in Table 1.

Table 1. The component ratio, thickness, and roughness parameters of the MAPLE deposited films.

smple e e, T wusem R
PO 1:1.5:0:0 105 53 3.9
P1 1:1.275:0.225:0 60 8.3 5.3
P2 1:1.125:0.375:0 95 6.5 44
P3 0.85:1.5:0:0.15 95 8.8 6.2
P4 0.75:1.5:0:0.25 90 8.6 5.6

It can be noted that the thickness of the composite layers decreases in comparison to
that of the reference organic film. As already mentioned, in the case of composite layers,
the inorganic nanoparticles were dispersed in the organic solution mixture, keeping the
concentration in the solvent constant so that the organic content is reduced in these samples
due to the addition of the inorganic nanoparticles. Usually, the insertion of metal oxide
nanoparticles within the organic active layer leads to an increase in the thickness of the
hybrid layer [65]. In the present case, a possible explanation for the thickness decrease
takes into account the presence of TPyP in the organic mixture (ZnPc:TPyP). Compared to
the planar molecule of ZnPc, TPyP is a mesosubstituted porphyrin in which the pyridyl
groups can be rotated out of the porphyrin plane, a conformational adaptation effect on
the deposition substrate of this molecule being reported [66]. In addition, the porphyrin
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compounds can be adsorbed on the surface of metal oxide nanoparticles, modifying their
orientation on the substrate surface and affecting the molecular packing [67].

Concerning the roughness parameter, the RMS value obtained for the PO sample is
very small in comparison to those of the organic films based on the same small molecule
compounds deposited by MAPLE in very similar conditions using DMSO [63]. 1,4-dioxane,
the solvent used in this study, features a high vapor pressure (3.7 kPa at 20 °C [57]). After
the arrival and deposition on the substrate, the solvent rapidly evaporates, leading to
the supersaturation of the precursor mixture and formation of a large number of nuclei,
resulting in smoother and homogeneous films than those prepared from conventional
solvents such as dimethylformamide or DMSO.

A low roughness is still noted for the composite layers, even if the RMS parameters
are slightly increased. Interestingly, although the P2 sample contains the highest ZnO
amount, a variation of 1.2 nm is obtained between its roughness and that of the PO sample
based only on organic components. In the case of this sample, the thickness of the layer
and the roughness parameter value suggest that the presence of the ZnO nanoparticles
does not have a major impact on these parameters, these being well distributed within
the composite film. In addition, the roughness values of the samples containing CuO
nanoparticles are similar to those recorded for the layers based on ZnO nanoparticles.
Although the roughness values of the composite layers are slightly increased in comparison
to that of the reference organic layer, they are still smaller than the values reported for the
hybrid layers based on organic compounds and metal oxide nanoparticles fabricated by
spin-coating [64,68]. In addition, the roughness of the composite films prepared by MAPLE
is smaller than the roughness recorded for the hybrid films based on poly [2,6-(4,4-bis-
(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b0]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]
(PCPDTBT) and CdSe nanoparticles deposited by another laser technique, resonant infrared
MAPLE (RIR-MAPLE) [47], which is usually regarded as an alternative to MAPLE for
fabricating smoother films.

The optical properties of the MAPLE deposited films were evaluated from the UV-Vis
spectra (Figure 7a) and PL spectra (Figure 7b). Both organic materials are characterized by
absorption bands in the visible part of the solar spectrum, the shape of the UV-Vis spectra
being almost the same for all investigated samples. Hence, the absorption bands assigned
to ZnPc are identified as follows: a Soret (B) band at a lower wavelength between 310 nm
and 390 nm, with the maximum at ~340 nm, and a Q band with its specific splitting in two
maxima at 630 nm (7--7* transition [69]) and 690 nm (excitonic transition [70]).

glass — 7500 F 16000
0 s |[&]
ZnPc TfyP TPyP ZnPc ‘a §1zooo
; = T 6000 z w0
: g 4000
/] X;\ o £
o E_‘ 450 525 600 675 750 825
N ~ 4500 Wavelength (nm)
>
=
\ 2
o 3000
whed
=
-1 1500 f
o . )
300 400 500 600 700 800 450 525 600 675 750 825
Wavelength (nm) Wavelength (nm)

Figure 7. UV-Vis spectra (a) and PL spectra (b) of the P0-P4 films deposited by MAPLE on glass.
Inset: PL spectrum of TPyP film obtained by MAPLE on glass.

Macrocyclic compounds with a highly conjugated 7-electron system as the phthalocya-
nines, the porphyrine compounds such as TPyP present also the B and several Q bands [54,71].
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Thus, in the PO sample, the TPyP signature consists of: an intense narrow B band with a
maximum at ~430 nm (allowing electronic transitions between 7e-rt* orbitals of the porphyrin
ring [72]) and a Q band with a maximum at ~520 nm (transitions to the first excited singlet
state [72]). Generally, TPyP presents several Q sub-bands [73], the symmetry of the molecule
being responsible for their number [72]. Thus, another barely visible maximum at ~550 nm can
be identified in P3 and P4 samples that contain the same TPyP amount as the PO sample. Due
to the strong ZnPc absorption, the other two maxima at ~590 nm and ~640 nm characteristic
to TPyP cannot be clearly identified in the UV-Vis spectra.

With regard to the emission properties, all PL spectra were dominated by the emission
band peaking at ~530 nm due to the glass substrate. However, in the case of the TPyP
film deposited by MAPLE on glass, the PL spectrum (Figure 7b inset) is present beside
the substrate emission, its specific split emission band with two maxima at ~660 nm and
~710 nm in agreement with other data reported for the TPyP layers deposited by vacuum
evaporation or MAPLE (using DMSO as solvent) [54,63]. This strong emission is not
identified in the PL spectra of the organic and composite films, most probably due to a
quenching effect that takes place between the components of the layers. In addition, the
emission associated to ZnPc at ~700 nm, which is usually a weak emission [63], cannot be
observed in the PL spectra of the investigated samples. It has to be noted that, due to their
small amount, the absorption and emission bands of the metal oxide nanoparticles are not
visible in the UV-Vis and PL spectra of the composite films.

Regarding the recombination of the charge carriers, this takes place most probably by
non-radiative processes, taking into account that the photoluminescence measurements
suggest that the emission is quenched in the composite films.

The J-V characteristics (Figure 8) were acquired in the dark (Figure 8a) and under
illumination (Figure 8b) on the structures based on the MAPLE deposited nanocomposite
films. In addition Figure 9 shows a schematic representation of the fabricated structures
based on ITO/PEDOT:PSS/nanocomposite/LiF/ Al and the energy level diagram of the
constituent materials [46,54,74,75]. The J-V characteristics recorded in the dark (Figure 8a)
are strongly asymmetrically non-linear, suggesting that the structures have rectification
properties. In the following, the electrical parameters recorded for the structures based
on composite layers (P1-P4) are compared to those obtained on the reference layer based
only on the organic compounds (P0), taking into account that the electrical parameters
are influenced by the addition of metal oxide nanoparticles in the active layer. Thus, an
increase in the dark current density value (~3 x 108 A /cm?) was recorded for the structure
prepared only with organic compounds (ZnPc:TPyP) in comparison to the value already
reported for the structures based on the same mixture but with the active layer deposited
from the other solvent (DMSO) [63]. A typical diode behavior (Figure 8a) is observed
for the structures containing ZnO nanoparticles. In our case, a current density of at least
one order higher, for an applied voltage of 1 V, was noted for the structures developed
with ZnO nanoparticles, compared to the reference cell. The result can be explained
taking into consideration the higher electron mobility of the metal oxide nanoparticles
(~2 x 1073 ecm?V~1s~1 [76]) with respect to that of the replaced n-type organic compound
(10~* cm?V~1s~1 for the porphyrin derivatives [77]). Even the dark current density value
obtained for the structure based on the P3 composite film is lower compared to that recorded
for the structure containing the PO film, and a small improvement was achieved for the
structure fabricated with a higher amount of CuO nanoparticles, P4. A study focused
on the hybrid films containing poly 3-hexylthiophene (P3HT), [6,6]-phenyl-C61-butyric
methyl ester (PCBM), and CuO nanoparticles (at various ratios) reported that the highest
obtained mobility was of approximately ~5 x 10~ cm?V~!s~! for a certain amount of
inorganic nanoparticles [68]. A possible explanation for the current density value acquired
in the case of the P3 sample can be linked to the presence of some defects that can affect the
carriers’ mobility.
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Figure 8. J-V characteristics in dark (a) and under illumination (b) in A.M. 1.5 conditions of the
structures based on organic (PO) and composite (P1-P4) films deposited by MAPLE.
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Figure 9. Schematic representation of the structure based on macrocyclic compounds:metal ox-
ide (MO) particles nanocomposite thin films (a) and the energy levels diagram of the structure
components (b).

Further, the J-V characteristics of the structures developed with MAPLE prepared
layers were acquired under illumination (Figure 8b), taking into account that these films
feature significant absorption in the visible and that the electrical characteristics recorded
in the dark suggest that they can find application in the photovoltaic cell field. In addition,
relevant electrical parameters, such as the short-circuit current density (Jsc), open circuit
voltage (Voc), and maximum power (Pmax), were calculated.

Excepting the structure based on the P1 film, all of the structures exhibited a pho-
tovoltaic effect. The Jsc value interpolated from the J-V curve of the structure prepared
with the organic film (PO sample) was 2.8 x 10~7 A/cm?, while the Voc value was 0.32 V
and the Py was 2 x 1078 W. A small increase in the Jsc value (3.5 x 1077 A/cm?) and
a lowering in the Voc value (0.15 V) and Ppax (1.3 x 1078 W) were recorded for the P2
sample. This result is in accordance with other studies reported on structures containing
ZnO nanoparticles, the addition of a large amount of inorganic nanostructures leading to a
decrease in the Voc value [46,74,78]. This effect was explained taking into consideration
the agglomeration of the nanoparticles that can favor the recombination of electron-hole
pairs within the bulk active layer.

Usually, the Voc value for the organic cells is provided by the difference between the
donor highest occupied molecular orbital (HOMO) and the acceptor lowest unoccupied
molecular orbital (LUMO) (Figure 9b). In the present study, for the ZnPc (donor) and TPyP
(acceptor), we considered the HOMO to be at 5.2 eV [46] and the LUMO to be at 4.1 eV [54],
respectively. In addition, the review from reference [79] reported that the Voc value can
be directly or indirectly affected by various parameters, such as the charge carriers recom-
bination, light intensity, morphology, electrode work function, donor/acceptor interface
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area, crystallinity, charge carriers density, etc. Thus, for the structures based on organic
films deposited by MAPLE, one of the factors that can influences the Voc value is the
crystallinity of the layers, a parameter that can be improved by applying some thermal
treatment to the near-amorphous organic layers deposited by MAPLE [46].

In the case of samples containing CuO nanoparticles, a lowering in the Jsc value
(7.9 x 1078 A/cm?) and in the Ppax (4.1 x 1077 W) was obtained for the P3 sample, whereas
an increase in the Jgc value (3.6 x 1077 A/cm?) and in Ppay (4.5 x 1078 W) was achieved
for the P4 sample. These results can be explained by considering the following aspects:
the insufficient amount of CuO nanoparticles that can contribute to the photocurrent; the
reduced number of the photogenerated excitons, which, in turn, is due to the smaller
quantity of the principal donor (ZnPc in this case); and/or the defects generated during the
deposition of the film. With regard to the increase in the Jsc value in the P4 sample, taking
into consideration that both P3 and P4 films present similar absorption properties and
roughness, the higher amount of CuO nanoparticles in the P4 sample can result in larger
interfaces that favor the exciton dissociation process. A recent report emphasized that the
presence of CuO nanoparticles does not significantly change the Voc in comparison to
the organic film based on PBHT:PCBM [80]. A similar effect was observed in this study:
regardless of the CuO nanoparticles amount added to the organic mixture, the Voc values
recorded for the P3 and P4 samples, 0.35 V and 0.36 V, respectively, are very close to that
obtained for the PO sample containing only the ZnPc:TPyP mixture.

Concerning the influence of the type and amount of the metal oxide nanoparticles
on the electrical properties of the investigated structures, it has to be mentioned that the
quantity of inorganic nanoparticles was added in such a manner as to preserve the same
donor:acceptor ratio (1:1.5), where the amount of CuO in the P4 sample is practically smaller
than that of ZnO in the P2 sample. In the case of the samples based on CuO nanoparticles,
the maximum content at which the electrical properties can be altered has probably not
been reached.

Ergo, the structures based on nanocomposite films deposited by MAPLE are sensitive
to the amount of metal oxide nanoparticles added in the organic mixture, an improvement
in the electrical parameters being achieved only for the photovoltaic structures containing
the suitable organic and inorganic components in an optimum ratio.

4. Conclusions

Organic and nanocomposite films based on macrocyclic compounds (ZnPc:TPyP) and
metal oxide (ZnO or CuO) nanoparticles were prepared by MAPLE using 1,4-dioxane as a
solvent. The FTIR spectra confirm the preservation of the chemical structure of the organic
compounds in the MAPLE deposited films. The UV-Vis spectra disclose the characteristic
absorption bands of ZnPc and TPyP while the PL spectra reveal a quenching effect of the
specific intense emission band of TPyP. The FESEM images evidence agglomerated particles
on the composite film surface but their presence has no significant impact on the roughness
of the deposited MAPLE layers. The AFM images proved that the films deposited by
MAPLE using 1,4-dioxane as a solvent are characterized by a low roughness (an essential
feature of films with applications in optoelectronic devices) compared to similar films
deposited from other solvents. The addition of metal oxide nanoparticles influences the
electrical properties of fabricated composite structures depending on their conduction type
and amount. An increase in the current density value (recorded in the dark) was obtained
for composite films that contain a higher amount of nanoparticles. The J-V characteristics
recorded under illumination show that most structures developed with MAPLE deposited
films present a photovoltaic effect. The best electrical parameters were obtained for the
structure based on film with a higher amount of CuO nanoparticles. Consequently, by
tuning the composition and ratio between the organic and inorganic components of the
composite films, an improvement in the electrical properties of the structures based on such
MAPLE deposited layers can be achieved, making them suitable for potential applications
in the field of optoelectronic devices.



Materials 2023, 16, 2480 14 of 17

Author Contributions: Investigation, M.S., N.P, C.B., A.C,, O.R,, G.P, G.P-P, SI, A.S. (Andrei
Stochioiu), and G.S.; validation, N.P,, G.S., and A.S. (Anca Stanculescu); writing—original draft, M.S.
and N.P; writing—review and editing, N.P,, G.S., and A.S. (Anca Stanculescu). All authors have read
and agreed to the published version of the manuscript.

Funding: M.S., N.P, and A.C. acknowledge the financial support PN-III-P4-PCE-2021-1131, grant of
the Ministry of Research, Innovation and Digitization, CNCS—UEFISCDI, within PNCDI III. In addi-
tion, the authors acknowledge the financial support of Romanian Ministry of Research, Innovation
and Digitization through National Core Founding Program (PN19-03 contract no. 21N /2019). G.S.,
G.P-P, and A.S. acknowledge the financial support of Romanian Ministry of Education and Research
under Romanian National Nucleu Program LAPLAS VI—contract no. 16N/2019.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: M.S., N.P.,, and A.C. acknowledge for the financial support to project number
PN-III-P4-PCE-2021-1131. The authors gratefully acknowledge for the financial support to PN19-03
contract no. 21N /2019 and LAPLAS VI—contract no. 16N/2019.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Park, S.B.; Han, ].W.; Kim, ].H.; Wibowo, A.E; Prameswati, A.; Park, J.; Lee, ].; Moon, M.-W.; Kim, M.-S.; Kim, Y.H. Multifunctional
Stretchable Organic-Inorganic Hybrid Electronics with Transparent Conductive Silver Nanowire/Biopolymer Hybrid Films. Adv.
Opt. Mater. 2021, 9, 2002041. [CrossRef]

Saveleva, M.S.; Eftekhari, K.; Abalymov, A.; Douglas, T.E.L.; Volodkin, D.; Parakhonskiy, B.V.; Skirtach, A.G. Hierarchy of Hybrid
Materials—The Place of Inorganics-in-Organics in it, Their Composition and Applications. Front. Chem. 2019, 7, 179. [CrossRef]
[PubMed]

Atta-Eyison, A.A.; Anukwah, G.D.; Zugle, R. Photocatalysis using zinc oxide-zinc phthalocyanine composite for effective
mineralization of organic pollutants. Catal. Commun. 2021, 160, 106357. [CrossRef]

Raucci, M.G.; Demitri, C.; Soriente, A.; Fasolino, I.; Sannino, A.; Ambrosio, L. Gelatin/nano-hydroxyapatite hydrogel scaffold
prepared by sol-gel technology as filler to repair bone defects. J. Biomed. Mater. Res. Part A 2018, 106, 2007-2019. [CrossRef]
Vuoriluoto, M.; Hokkanen, A.; Mikeld, T.; Harlin, A.; Orelma, H. Optical properties of an organic-inorganic hybrid film made of
regenerated cellulose doped with light-scattering TiO, particles. Opt. Mater. 2022, 123, 111882. [CrossRef]

Ikake, H.; Hara, S.; Shimizu, S. Skillful Control of Dispersion and 3D Network Structures: Advances in Functional Organic—
Inorganic Nano-Hybrid Materials Prepared Using the Sol-Gel Method. Polymers 2022, 14, 3247. [CrossRef]

Abbas, K.F; Abdulameer, A.F. Blending Ratio Effect of ZnPc/ZnO Hybrid Nanocomposite on Surface Morphology and Structural
Properties. J. Phys. Conf. Ser. 2021, 2114, 012015. [CrossRef]

Lee, S.H.; Kang, B.S.; Kwak, M.K. Magneto-Responsive Actuating Surfaces with Controlled Wettability and Optical Transmittance.
ACS Appl. Mater. Interfaces 2022, 14, 14721-14728. [CrossRef] [PubMed]

Martinez-Diaz, M.V,; de la Torre, G.; Torres, T. Lighting porphyrins and phthalocyanines for molecular photovoltaics. Chem.
Commun. 2010, 46, 7090-7108. [CrossRef]

Schmidt, A.M.; Calvete, M.].E. Phthalocyanines: An Old Dog Can Still Have New (Photo)Tricks! Molecules 2021, 26, 2823.
[CrossRef]

Socol, M; Preda, N.; Breazu, C.; Stanculescu, A.; Costas, A.; Stanculescu, F.; Girtan, M.; Gherendi, F; Popescu Pelin, G.; Socol, G.
Flexible organic heterostructures obtained by MAPLE. Appl. Phys. A 2018, 124, 602. [CrossRef]

Wang, J.; Dong, W.; Si, Z.; Cui, X.; Duan, Q. Synthesis and enhanced nonlinear optical performance of phthalocyanine indium
polymers with electron-donating group porphyrin by efficient energy transfer. Dyes Pigments 2022, 198, 109985. [CrossRef]
Walter, M.G.; Rudine, A.B.; Wamser, C.C. Porphyrins and phthalocyanines in solar photovoltaic cells. ]. Porphyr. Phthalocyanines
2010, 14, 759-792. [CrossRef]

Hohnholz, D.; Steinbrecher, S.; Hanack, M. Applications of phthalocyanines in organic light emitting devices. Mol. Struct. 2000,
521, 231-237. [CrossRef]

Josefsen, L.B.; Boyle, R.W. Unique diagnostic and therapeutic roles of porphyrins and phthalocyanines in photodynamic therapy,
imaging and theranostics. Theranostics 2012, 2, 916-966. [CrossRef]

Tian, J.; Huang, B.; Nawaz, M.H.; Zhang, W. Recent Advances of Multi-Dimensional Porphyrin-Based Functional Materials in
Photodynamic Therapy. Coord. Chem. Rev. 2020, 420, 213410. [CrossRef]

Neelgund, G.; Oki, A. Cobalt phthalocyanine-sensitized graphene—ZnO composite: An efficient near-infrared-active photother-
mal agent. ACS Omega 2019, 4, 5696-5704. [CrossRef]


http://doi.org/10.1002/adom.202002041
http://doi.org/10.3389/fchem.2019.00179
http://www.ncbi.nlm.nih.gov/pubmed/31019908
http://doi.org/10.1016/j.catcom.2021.106357
http://doi.org/10.1002/jbm.a.36395
http://doi.org/10.1016/j.optmat.2021.111882
http://doi.org/10.3390/polym14163247
http://doi.org/10.1088/1742-6596/2114/1/012015
http://doi.org/10.1021/acsami.1c24556
http://www.ncbi.nlm.nih.gov/pubmed/35289610
http://doi.org/10.1039/c0cc02213f
http://doi.org/10.3390/molecules26092823
http://doi.org/10.1007/s00339-018-1960-3
http://doi.org/10.1016/j.dyepig.2021.109985
http://doi.org/10.1142/S1088424610002689
http://doi.org/10.1016/S0022-2860(99)00438-X
http://doi.org/10.7150/thno.4571
http://doi.org/10.1016/j.ccr.2020.213410
http://doi.org/10.1021/acsomega.8b03222

Materials 2023, 16, 2480 15 0f 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Socol, M.; Preda, N. Hybrid Nanocomposite Thin Films for Photovoltaic Applications: A Review. Nanomaterials 2021, 11, 1117.
[CrossRef]

Kolodziejczak-Radzimska, A.; Jesionowski, T. Zinc Oxide—From Synthesis to Application: A Review. Materials 2014, 7, 2833-2881.
[CrossRef]

Vivek, P; Rekha, M.; Suvitha, A.; Kowsalya, M.; Stephen, A. Diamond morphology CuO nanomaterial’s elastic properties,
ADMET, optical, structural studies, electrical conductivity and antibacterial activities analysis. Inorg. Nano-Met. Chem. 2022,
52,1243-1255. [CrossRef]

Preda, N.; Enculescu, M.; Enculescu, I. Polysaccharide-assisted crystallization of ZnO micro/nanostructures. Mater. Lett. 2014,
115, 256-260. [CrossRef]

Preda, N.; Costas, A.; Enculescu, M.; Enculescu, I. Biomorphic 3D fibrous networks based on ZnO, CuO and ZnO-CuO composite
nanostructures prepared from eggshell membranes. Mater. Chem. Phys. 2020, 240, 122205. [CrossRef]

Kim, I; Viswanathan, K.; Kasi, G.; Thanakkasaranee, S.; Sadeghi, K.; Seo, J. ZnO nanostructures in active antibacterial food
packaging: Preparation methods, antimicrobial mechanisms, safety issues, future prospects, and challenges. Food Rev. Int. 2020,
38, 537-565. [CrossRef]

Spoiald, A.; Ilie, C.-I.; Truscd, R.-D.; Oprea, O.-C.; Surdu, V.-A; Vasile, B.S.; Ficai, A.; Ficai, D.; Andronescu, E.; Ditu, L.-M. Zinc
Oxide Nanoparticles for Water Purification. Materials 2021, 14, 4747. [CrossRef]

Luo, X.; Xu, L.; Xu, B.; Li, F. Electrodeposition of zinc oxide/tetrasulfonated copper phthalocyanine hybrid thin film for
dye-sensitized solar cell application. Appl. Surf. Sci. 2011, 257, 6908-6911. [CrossRef]

Mattioli, G.; Filippone, E; Alippi, P; Giannozzi, P.; Bonapasta, A.A. A hybrid zinc phthalocyanine/zinc oxide system for
photovoltaic devices: A DFT and TDDFPT theoretical investigation. J. Mater. Chem. 2012, 22, 440-446. [CrossRef]

Seddigi, Z.S.; Ahmed, S.A; Sardar, S.; Pal, S.K. Ultrafast dynamics at the zinc phthalocyanine/zinc oxide nanohybrid interface for
efficient solar light harvesting in the near red region. Sol. Energy Mater. Sol. Cells 2015, 143, 63-71. [CrossRef]

Novotny, M.; Maresova, E.; Fitl, P; VI¢ek, J.; Bergmann, M.; Vondrac¢ek, M.; Yatskiv, R.; Bulir, J.; Hubik, P; Hruska, P.; et al. The
properties of samarium-doped zinc oxide/phthalocyanine structure for optoelectronics prepared by pulsed laser deposition and
organic molecular evaporation. Appl. Phys. A 2015, 122, 225. [CrossRef]

Ekrami, M.; Magna, G.; Emam-djomeh, Z.; Saeed Yarmand, M.; Paolesse, R.; Di Natale, C. Porphyrin-Functionalized Zinc Oxide
Nanostructures for Sensor Applications. Sensors 2018, 18, 2279. [CrossRef]

Choi, S.; Lee, J.; Lee, K.; Yoon, S.M.; Yoon, M. Porphyrin-decorated ZnO nanowires as nanoscopic injectors for phototheragnosis
of cancer cells. New J. Chem. 2022, 46, 13465-13474. [CrossRef]

Yu, Q.; Xu, J. Structure and surface properties of fluorinated organic—inorganic hybrid films. J. Sol-Gel Sci. Technol. 2012,
61,243-248. [CrossRef]

Zheng, Q.; Zhang, B.; Lin, X.; Shen, X.; Yousefi, N.; Huang, Z.-D.; Li, Z.; Kim, ].-K. Highly transparent and conducting ultralarge
graphene oxide/single-walled carbon nanotube hybrid films produced by Langmuir-Blodgett assembly. J. Mater. Chem. 2012,
22,25072. [CrossRef]

Sharma, G.D.; Kumar, R.; Sharma, S.K.; Roy, M.S. Charge generation and photovoltaic properties of hybrid solar cells based on
ZnO and copper phthalocyanines (CuPc). Sol. Energy Mater. Sol. Cells 2006, 90, 933-943. [CrossRef]

Li, M.; Li, J.; Yu, L,; Zhang, Y.; Dai, Y.; Chen, R.; Huang, W. Trap-filling of ZnO buffer layer for improved efficiencies of organic
solar cells. Front. Chem. 2020, 8, 399. [CrossRef] [PubMed]

Mishra, A.; Bhatt, N.; Bajpai, A. Nanostructured superhydrophobic coatings for solar panel applications. In Nanomaterials-Based
Coatings; Elsevier: Amsterdam, The Netherlands, 2019; pp. 397—424. [CrossRef]

Yilbas, B.S.; Al-Sharafi, A.; Ali, H. Surfaces for Self-Cleaning. In Self-Cleaning of Surfaces and Water Droplet Mobility; Yilbas, B.S.,
Al-Sharafi, A., Ali, H., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 45-98. [CrossRef]

Na, J.; Kang, B.; Sin, D.; Cho, K,; Park, Y.D. Understanding Solidification of Polythiophene Thin Films during Spin-Coating:
Effects of Spin-Coating Time and Processing Additives. Sci. Rep. 2015, 5, 13288. [CrossRef]

Kamanyi, A.E., Jr., Ngwa, W.; Luo, W.; Grill, W. Effects of solvent vapor pressure and spin-coating speed on morphology of thin
polymer blend films. Proc. SPIE 2008, 6935, 69351X. [CrossRef]

Strawhecker, K.E.; Kumar, S.K.; Douglas, J.E; Karim, A. The Critical Role of Solvent Evaporation on the Roughness of Spin-Cast
Polymer Films. Macromolecules 2001, 34, 4669—4672. [CrossRef]

Visan, A.L; Popescu-Pelin, G.; Gherasim, O.; Grumezescu, V.; Socol, M.; Zgura, 1.; Florica, C.; Popescu, R.C.; Savu, D,;
Holban, A.M; et al. Laser Processed Antimicrobial Nanocomposite Based on Polyaniline Grafted Lignin Loaded with Gentamicin-
Functionalized Magnetite. Polymers 2019, 11, 283. [CrossRef]

Dong, B.X,; Strzalka, J.; Jiang, Z.; Li, H.; Stein, G.E.; Green, P.F. Crystallization Mechanism and Charge Carrier Transport in
MAPLE-Deposited Conjugated Polymer Thin Films. ACS Appl. Mater. Interfaces 2017, 9, 44799-44810. [CrossRef]

Socol, M.; Preda, N.; Socol, G. Organic Thin Films Deposited by Matrix-Assisted Pulsed Laser Evaporation (MAPLE) for
Photovoltaic Cell Applications: A Review. Coatings 2021, 11, 1368. [CrossRef]

Caricato, A.P; Ge, W.; Stiff-Roberts, A.D. UV- and RIR-MAPLE: Fundamentals and Applications, 1st ed.; Springer Series in Materials
Science; Springer Nature Switzerland: Cham, Switzerland, 2018; pp. 275-308. [CrossRef]


http://doi.org/10.3390/nano11051117
http://doi.org/10.3390/ma7042833
http://doi.org/10.1080/24701556.2022.2046610
http://doi.org/10.1016/j.matlet.2013.10.081
http://doi.org/10.1016/j.matchemphys.2019.122205
http://doi.org/10.1080/87559129.2020.1737709
http://doi.org/10.3390/ma14164747
http://doi.org/10.1016/j.apsusc.2011.03.029
http://doi.org/10.1039/C1JM13605D
http://doi.org/10.1016/j.solmat.2015.06.026
http://doi.org/10.1007/s00339-016-9759-6
http://doi.org/10.3390/s18072279
http://doi.org/10.1039/D2NJ02084J
http://doi.org/10.1007/s10971-011-2620-7
http://doi.org/10.1039/c2jm34870e
http://doi.org/10.1016/j.solmat.2005.05.012
http://doi.org/10.3389/fchem.2020.00399
http://www.ncbi.nlm.nih.gov/pubmed/32528929
http://doi.org/10.1016/B978-0-12-815884-5.00012-0
http://doi.org/10.1016/B978-0-12-814776-4.00003-3
http://doi.org/10.1038/srep13288
http://doi.org/10.1117/12.776274
http://doi.org/10.1021/ma001440d
http://doi.org/10.3390/polym11020283
http://doi.org/10.1021/acsami.7b13609
http://doi.org/10.3390/coatings11111368
http://doi.org/10.1007/978-3-319-96845-2_10

Materials 2023, 16, 2480 16 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ge, W,; Li, N.K.; McCormick, R.D.; Lichtenberg, E.; Yingling, Y.G.; Stiff-Roberts, A.D. Emulsion-Based RIR-MAPLE Deposition of
Conjugated Polymers: Primary Solvent Effect and Its Implications on Organic Solar Cell Performance. ACS Appl. Mater. Interfaces
2016, 8, 19494-19506. [CrossRef] [PubMed]

Canulescu, S.; Schou, J.; Feester, S.; Hansen, K.V.; Conseil, H. Deposition of matrix-free fullerene films with improved morphology
by matrix-assisted pulsed laser evaporation (MAPLE). Chem. Phys. Lett. 2013, 588, 119-123. [CrossRef]

Socol, M.; Preda, N.; Costas, A.; Breazu, C.; Stanculescu, A.; Rasoga, O.; Popescu-Pelin, G.; Mihailescu, A.; Socol, G. Hybrid
organic-inorganic thin films based on zinc phthalocyanine and zinc oxide deposited by MAPLE. Appl. Surf. Sci. 2020, 503, 144317.
[CrossRef]

Ge, W,; Atewologun, A ; Stiff-Roberts, A.D. Hybrid nanocomposite thin films deposited by emulsion-based resonant infrared
matrix assisted pulsed laser evaporation for photovoltaic applications. Org. Electron. 2015, 22, 98-107. [CrossRef]

Stanculescu, F.; Rasoga, O.; Catargiu, A.M.; Vacareanu, L.; Socol, M.; Breazu, C.; Preda, N.; Socol, G.; Stanculescu, A. MAPLE pre-
pared heterostructures with arylene based polymer active layer for photovoltaic applications. Appl. Surf. Sci. 2015, 336, 240-248.
[CrossRef]

Toftmann, B.; Papantonakis, M.R.; Auyeung, R.C.Y.; Kim, W.; O’'Malley, S.M.; Bubb, D.M.; Horwitz, ].S.; Schou, J.; Johansen,
R.F; Haglund, R.F. UV and RIR matrix assisted pulsed laser deposition of organic MEH-PPV films. Thin Solid Films 2004,
453-454,177-181. [CrossRef]

Gutierrez-Llorente, A. Growth of polyalkylthiophene films by matrix assisted pulsed laser evaporation. Org. Electron. 2004,
5,29-34. [CrossRef]

Califano, V.; Bloisi, F.; Vicari, L.; Barra, M.; Cassinese, A.; Fanelli, E.; Buzio, R.; Valbusa, U.; Carella, A.; Roviello, A. Substrate
temperature dependence of the structure of polythiophene thin films obtained by matrix assisted pulsed laser evaporation
(MAPLE). Eur. Phys. J. Appl. Phys. 2009, 48, 10505. [CrossRef]

Stanculescu, A.; Rasoga, O.; Socol, M.; Vacareanu, L.; Grigoras, M.; Socol, G.; Stanculescu, E; Breazu, C.; Matei, E.; Preda, N.; et al.
MAPLE prepared heterostructures with oligoazomethine: Fullerene derivative mixed layer for photovoltaic applications. Appl.
Surf. Sci. 2017, 417, 183-195. [CrossRef]

Ghani, F; Kristen, ].; Riegler, H. Solubility Properties of Unsubstituted Metal Phthalocyanines in Different Types of Solvents. J.
Chem. Eng. Data 2012, 57, 439-449. [CrossRef]

Socol, M.; Rasoga, O.; Stanculescu, F,; Girtan, M.; Stanculescu, A. Effect of the morphology on the optical and electrical properties
of TPyP thin films deposited by vacuum evaporation. Optoelectron. Adv. Mater. Rapid Commun. 2010, 4, 2032-2038.

Yan, Q.; Modigell, M. Mechanical pretreatment of lignocellulosic biomass using a screw press as an essential step in the biofuel
production. Chem. Eng. Trans. 2012, 29, 601-606. [CrossRef]

He, Y,; Wildman, R.D.; Tuck, C.J.; Christie, S.D.R.; Edmondson, S. An Investigation of the Behavior of Solvent based Polycaprolac-
tone ink for Material Jetting. Sci. Rep. 2016, 6, 20852. [CrossRef]

Greul, E.; Docampo, P; Bein, T. Synthesis of Hybrid Tin Halide Perovskite Solar Cells with Less Hazardous Solvents: Methanol
and 1,4-Dioxane. Z. Anorg. Allg. Chem. 2017, 643, 1704-1711. [CrossRef]

Bian, S.-W.; Mudunkotuwa, L.A.; Rupasinghe, T.; Grassian, V.H. Aggregation and Dissolution of 4 nm ZnO Nanoparticles in
Aqueous Environments: Influence of pH, Ionic Strength, Size, and Adsorption of Humic Acid. Langmuir 2011, 27, 6059-6068.
[CrossRef] [PubMed]

Rahnama, A.; Gharagozlou, M. Preparation and properties of semiconductor CuO nanoparticles via a simple precipitation
method at different reaction temperatures. Opt. Quantum Electron. 2012, 44, 313-322. [CrossRef]

Ahmad, M.; Zhu, J. ZnO based advanced functional nanostructures: Synthesis, properties and applications. . Mater. Chem. 2011,
21,599-614. [CrossRef]

Zoolfakar, A.S.; Rani, R.A.; Morfa, A.].; O’'Mullane, A.P,; Kalantar-Zadeh, K. Nanostructured copper oxide semiconductors: A
perspective on materials, synthesis methods and applications. J. Mater. Chem. C 2014, 2, 5247-5270. [CrossRef]

Gaffo, L.; Cordeiro, M.R; Freitas, A.R.; Moreira, W.C.; Girotto, E.M.; Zucolotto, V. The effects of temperature on the molecular
orientation of zinc phthalocyanine films. J. Mater. Sci. 2010, 45, 1366-1370. [CrossRef]

Socol, M.; Preda, N.; Rasoga, O.; Breazu, C.; Stavarache, I.; Stanculescu, F.; Socol, G.; Gherendi, F.; Grumezescu, V.; Stefan, N.; et al.
Flexible heterostructures based on metal phthalocyanines thin films obtained by MAPLE. Appl. Surf. Sci. 2016, 374, 403-410.
[CrossRef]

Ikram, M.; Imran, M.; Nunzi, ] M.; Bobbara, S.R.; Ali, S.; Islah-u-din. Efficient and low cost inverted hybrid bulk heterojunction
solar cells. J. Renew. Sustain. Energy 2015, 7, 043148. [CrossRef]

Socol, M.; Preda, N.; Costas, A.; Borca, B.; Popescu-Pelin, G.; Mihailescu, A.; Socol, G.; Stanculescu, A. Thin films based on cobalt
phthalocyanine:C60 fullerene:ZnO hybrid nanocomposite obtained by laser evaporation. Nanomaterials 2020, 10, 468. [CrossRef]
[PubMed]

Auwirter, W.; Weber-Bargioni, A.; Riemann, A.; Schiffrin, A.; Groning, O.; Fasel, R.; Barth, ].V. Self-assembly and conformation of
tetrapyridyl-porphyrin molecules on Ag(111). J. Chem. Phys. 2006, 124, 194708. [CrossRef]

Said, A.J.; Poize, G.; Martini, C.; Ferry, D.; Marine, W.; Giorgio, S.; Fages, F.; Hocq, J.; Bouclé, J.; Nelson, J.; et al. Hybrid Bulk
Heterojunction Solar Cells Based on P3HT and Porphyrin-Modified ZnO Nanorods. . Phys. Chem. C 2010, 114, 11273-11278.
[CrossRef]


http://doi.org/10.1021/acsami.6b05596
http://www.ncbi.nlm.nih.gov/pubmed/27414167
http://doi.org/10.1016/j.cplett.2013.09.047
http://doi.org/10.1016/j.apsusc.2019.144317
http://doi.org/10.1016/j.orgel.2015.03.043
http://doi.org/10.1016/j.apsusc.2014.11.146
http://doi.org/10.1016/j.tsf.2003.11.099
http://doi.org/10.1016/j.orgel.2003.11.003
http://doi.org/10.1051/epjap/2009130
http://doi.org/10.1016/j.apsusc.2017.03.053
http://doi.org/10.1021/je2010215
http://doi.org/10.3303/CET1229101
http://doi.org/10.1038/srep20852
http://doi.org/10.1002/zaac.201700297
http://doi.org/10.1021/la200570n
http://www.ncbi.nlm.nih.gov/pubmed/21500814
http://doi.org/10.1007/s11082-011-9540-1
http://doi.org/10.1039/C0JM01645D
http://doi.org/10.1039/C4TC00345D
http://doi.org/10.1007/s10853-009-4094-3
http://doi.org/10.1016/j.apsusc.2015.10.166
http://doi.org/10.1063/1.4929603
http://doi.org/10.3390/nano10030468
http://www.ncbi.nlm.nih.gov/pubmed/32150846
http://doi.org/10.1063/1.2194541
http://doi.org/10.1021/jp911125w

Materials 2023, 16, 2480 17 of 17

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Salim, E.; Bobbara, S.R.; Oraby, A.; Nunzi, ] M. Copper oxide nanoparticle doped bulk-heterojunction photovoltaic devices. Synth.
Met. 2019, 252, 21-28. [CrossRef]

Schunemann, C.; Wynands, D.; Wilde, L.; Hein, M.P; Pfutzner, S.; Elschner, C.; Eichhorn, K.-].; Leo, K.; Riede, M. Phase separation
analysis of bulk heterojunctions in small-molecule organic solar cells using zinc-phthalocyanine and C60. Phys. Rev. B 2012,
85, 245314. [CrossRef]

Roy, D.; Das, N.M.; Shakti, N.; Gupta, P.S. Comparative study of optical, structural and electrical properties of zinc phthalocyanine
Langmuir-Blodgett thin film on annealing. RSC Adv. 2014, 4, 42514—-42522. [CrossRef]

Ji, W.; Wang, T.-X,; Ding, X.; Lei, S.; Han, B.-H. Porphyrin- and phthalocyanine-based porous organic polymers: From synthesis to
application. Coord. Chem. Rev. 2021, 439, 213875. [CrossRef]

Sampaio, R.N.; Gomes, WR.; Araujo, D.M.S.; Machado, A.E.H.; Silva, R.A.; Marletta, A.; Borissevitch, L.E.; Ito, A.S.; Dinelli, L.R,;
Batista, A.A.; et al. Investigation of Ground- and Excited-State Photophysical Properties of 5,10,15,20-Tetra(4-pyridyl)-21H,23H-
porphyrin with Ruthenium Outlying Complexes. J. Phys. Chem. A 2011, 116, 18-26. [CrossRef]

Stanculescu, A.; Socol, M.; Rasoga, O.; Breazu, C.; Preda, N.; Stanculescu, F.; Socol, G.; Vacareanu, L.; Girtan, M.; Doroshkevich,
A.S. Arylenevinylene Oligomer-Based Heterostructures on Flexible AZO Electrodes. Materials 2021, 14, 7688. [CrossRef]

Ikram, M.; Imran, M.; Nunzi, ].M.; Islah-u-din; Ali, S. Replacement of P3HT and PCBM with metal oxides nanoparticles in
inverted hybrid organic solar cells. Synth. Met. 2015, 210, 268-272. [CrossRef]

Jiang, T.; Fu, W. Improved performance and stability of perovskite solar cells with bilayer electron-transporting layers. RSC Adv.
2018, 8, 5897-5901. [CrossRef] [PubMed]

Zhang, Q.; Gu, X,; Zhang, Q.; Jiang, J.; Jin, X,; Li, F; Chen, Z.; Zhao, F; Li, Q. ZnMgO:ZnO composite films for fast electron
transport and high charge balance in quantum dot light emitting diodes. Opt. Mater. Express 2018, 8, 909-918. [CrossRef]
Cuesta, V.; Singh, M.K.; Gutierrez-Fernandez, E.; Martin, J.; Dominguez, R.; de la Cruz, P.; Sharma, G.D.; Langa, F. Gold(III)
Porphyrin Was Used as an Electron Acceptor for Efficient Organic Solar Cells. ACS Appl. Mater. Interfaces 2022, 14, 11708-11717.
[CrossRef] [PubMed]

Sadoogi, N.; Rostami, A.; Faridpak, B.; Farrokhifar, M. Performance analysis of organic solar cells: Opto-electrical modeling and
simulation. Eng. Sci. Technol. 2021, 24, 229-235. [CrossRef]

Elumalai, N.K.; Uddin, A. Open circuit voltage of organic solar cells: An in-depth review. Energy Environ. Sci. 2016, 9, 391-410.
[CrossRef]

Wanninayake, A.P.; Gunashekar, S.; Li, S.; Church, B.C.; Abu-Zahra, N. Performance enhancement of polymer solar cells using
copper oxide nanoparticles. Semicond. Sci. Technol. 2015, 30, 064004. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.synthmet.2019.04.006
http://doi.org/10.1103/PhysRevB.85.245314
http://doi.org/10.1039/C4RA05417B
http://doi.org/10.1016/j.ccr.2021.213875
http://doi.org/10.1021/jp205963k
http://doi.org/10.3390/ma14247688
http://doi.org/10.1016/j.synthmet.2015.10.005
http://doi.org/10.1039/C8RA00248G
http://www.ncbi.nlm.nih.gov/pubmed/35539590
http://doi.org/10.1364/OME.8.000909
http://doi.org/10.1021/acsami.1c22813
http://www.ncbi.nlm.nih.gov/pubmed/35195997
http://doi.org/10.1016/j.jestch.2020.08.006
http://doi.org/10.1039/C5EE02871J
http://doi.org/10.1088/0268-1242/30/6/064004

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

