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Abstract

:

Organic bulk heterojunctions (BHJ) based on zinc phthalocyanine (ZnPc), fullerene compounds (C60 fullerene and [6,6]-phenyl C71 butyric acid methyl ester (PC70BM)), and 5,6,11,12-tetraphenylnaphthacene (rubrene) were fabricated through the matrix-assisted pulsed-laser evaporation (MAPLE) technique. Thus, ZnPc:C60 and ZnPc:PC70BM binary BHJ and ZnPc:rubrene:PC70BM ternary BHJ were deposited as thin films on various substrates. The preservation of the chemical structure of the organic compounds during the MAPLE deposition was confirmed by infrared spectroscopy. The structural, optical, and morphological properties of the deposited layers were investigated by X-ray diffraction (XRD), UV-Vis spectroscopy, photoluminescence (PL), field emission scanning electron microscopy (FESEM), and atomic force microscopy (AFM), respectively. Further, the electrical properties of the developed structures based on ZnPc:C60, ZnPc:PC70BM, and ZnPc:rubrene:PC70BM were evaluated. The J-V characteristics of the organic structures, recorded under illumination, show that an increase in the open-circuit voltage (VOC) is achieved in the case of the ternary blend in comparison with that obtained for the binary blends. The results evidenced that MAPLE-deposited thin films containing binary and ternary organic bulk heterojunctions can find applications in the field of photovoltaic devices.






Keywords:


MAPLE; zinc phthalocyanine; fullerene C60; PC70BM; rubrene; photovoltaic cell












1. Introduction


During the last few years, organic materials have been considered as viable alternatives to inorganic materials in various applications [1,2,3,4]; they have advantages such as an easy fabrication from solution, deposition at a low temperature, and compatibility with plastic substrates, enhancing the possibility of using these organic compounds in large-area printing deposition [4,5]. Thus, organic materials were successfully integrated in the organic photovoltaic cell (OPV) area, with the best reported efficiency being over 18% [6]. Yet, some improvements are still expected and various organic compounds are being intensively studied to accomplish this goal.



The first OPV was fabricated with a single organic layer with a p-type conduction [7]. An improvement in the cell efficiency was obtained by fabricating OPV with two layers, characterized by different conduction types [8]. A step forward in this domain was achieved by the implementation of the bulk heterojunction (BHJ) concept due to the appearance of the bicontinuous phase separation between the constituent materials [9].



In the fabrication of the OPV structure, the p-type materials which assure light absorption play an important role. From these materials, metallic phthalocyanines (MPc) show a great potential because of their absorption, which covers a broad region of the visible domain of the solar spectrum. Zinc phthalocyanine (ZnPc) is the most used MPc in the OPV, because, besides its specific absorption properties, this MPc is featured by a higher mobility in comparison with other similar compounds [10,11].



In order to form a heterojunction in OPV structures, an n-type material must be mixed with a p-type material. Due to its mobility, C60 fullerene is frequently used as acceptor component in the OPV. However, the low solubility of C60 hinders its deposition from solutions as thin films. For this reason, many attempts have been made to replace C60 with other fullerene derivative compounds with a better solubility, such as [6,6]-phenyl C71 butyric acid methyl ester (PC70BM) [12,13,14], this compound being widely used in solution-processed electronics. In comparison with other fullerene compounds, PC70BM has also a broader absorption in the visible range of the solar spectrum, and can generate a larger number of excitons in the heterojunction [15], which further dissociates in free charge carriers, resulting in an improvement in the electrical properties of OPV structures.



Among organic semiconductors, 5,6,11,12-tetraphenylnaphthacene (rubrene), a molecule featuring a long exciton-diffusion length, has attracted considerable attention due to its high charge mobility, finding applications in organic electronic devices [16,17].



Lately, various studies have reported an improvement in OPV electrical parameters such as open-circuit voltage (VOC), short-circuit current density (JSC), and fill factor (FF), using ternary blends based on two donors and one acceptor (D1:D2:A), or one donor and two acceptor (D:A1:A2) organic materials compared with binary blends based on one donor and one acceptor (D:A) [18,19]. In this way, involving the same fabrication process for the active layer, a better light harvesting is achieved. Moreover, the VOC value can be increased by forming a better alignment between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the organic components. Additionally, the electrical parameters can be improved due to a decrease in the trap density, associated with the addition of a third material that can enhance the charge mobility, even in layers with a higher thickness [19].



Although spin-coating is the most common deposition method used in the preparation of a BHJ [13,14,15], recent reports show the potential of matrix-assisted pulsed-laser evaporation (MAPLE) as an alternative for the deposition of “soft” organic layers. The most important advantages of this laser evaporation technique are (i) that superposed (stacked) layers can be deposited involving the same deposition solvent, and (ii) that a small quantity of the organic material is used in the preparation of the deposition target [12,20,21,22,23].



Until now, to our knowledge the growing interest regarding BHJs based on ZnPc:C60 blends was mainly focused on their deposition as thin films by vacuum evaporation [24,25].



In this context, the aim of this study is to fabricate binary and ternary organic BHJs based on ZnPc and fullerene compounds through the MAPLE technique. Thus, ZnPc:C60, ZnPc:PC70BM, and ZnPc:rubrene:PC70BM thin films were deposited and thoroughly characterized to emphasize the influence of the fullerene compound type (C60 or PC70BM) and the addition of a second donor organic material (rubrene) on the electrical parameters of the fabricated photovoltaic structures.




2. Experimental


The organic compounds used for the layer deposition were purchased in powder form as follows: zinc phthalocyanine (ZnPc) and 5,6,11,12-tetraphenylnaphthacene (rubrene) from Sigma-Aldrich (Saint Louis, MO, USA), and C60 fullerene and [6,6]-phenyl C71 butyric acid methyl ester (PC70BM) from Ossila (Sheffield, England). Additionally, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT-PSS) solution and ITO/glass substrates were bought from Ossila, and the dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich.



For the preparation of the photovoltaic structures, ITO/glass was used as a transparent conductive oxide substrate. In order to remove the carbon contamination and improve the adherence of the films, this substrate was treated for 10 min in oxygen plasma at 0.6 mbar pressure (Electronic Diener Plasma-Surface-Technology, Pico model equipment, Ebhausen, Germany). Then, the ITO/glass was covered with a thin PEDOT:PSS layer (~40 nm) and deposited by spin-coating at a 6000 rpm speed for 30 sec (Chemat Technology spin coater, KW-4A model, Sigma-Aldrich, Saint Louis, MO, USA), with a thermal annealing process at 120 °C for 5 min being subsequently applied. Furthermore, this substrate was labelled ITO/PEDOT:PSS.



In the MAPLE deposition, an excimer laser source (KrF*, Lambda Physics Coherent, CompexPro 205, λ = 248 nm, τ FWHM ~25 ns, Göttingen, Germany) was used. In this laser deposition process, a frozen target consisting of a solution of an organic compound dissolved in a relatively volatile solvent is irradiated with a laser beam in order to produce a mild vaporization of the target surface. During the deposition, the solvent molecules are pumped away from the deposition chamber by vacuum pumps, with only the organic material molecules reaching the substrate surface and forming organic thin films [12,20]. In Scheme 1, a schematic representation of the experimental set-up used in the MAPLE deposition is presented.



Before each deposition, the frozen targets were formed from the organic materials dissolved in DMSO, with the total concentration kept at 3% w/v. Equal proportions of each material (ZnPc, C60, PC70BM, and rubrene) were implied in the binary (1:1) and ternary (1:1:1) mixtures. A low laser fluence (300 mJ/cm2) was used to prevent the decomposition of the raw materials. The other deposition parameters were kept constant for all the depositions (4 × 10−4 mbar background pressure, 5 cm target–substrate distance, and 10 Hz laser frequency), with only the number of pulses being different (50 K for ZnPc and 100 K for binary and ternary mixtures, respectively). In the same deposition cycle, the organic layers based on ZnPc, ZnPc:C60, ZnPc:PC70BM, and ZnPc:rubrene:PC70BM were deposited on different substrates: ITO/PEDOT:PSS, glass, and silicon. The investigated samples were labelled as follows: ZnPc as a single component (ZnPc), ZnPc:C60 mixture (P1), ZnPc:PC70BM mixture (P2), and ZnPc:rubrene:PC70BM (P3). Their composition, the ratio between their components, and the number of laser pulses used in the deposition of each organic layer are given in Table 1.



The thickness of the deposited layers was estimated using an Ambios Technology XP 100 profilometer (Santa Cruz, CA, USA). Three measurements were carried out for each sample, with the arithmetic media of the obtained values being considered the thickness of the layer as follows: 105 nm for ZnPc, 300 nm for P1, 180 nm for P2, and 285 nm for P3.



The vibrational and structural properties of the deposited thin films were investigated by Fourier transformed infrared spectroscopy (FTIR) and X-ray diffraction (XRD) using a Shimadzu 8400 Spectrometer (Kyoto, Japan) and Bruker D8 Advances equipment (Karlsruhe, Germany) in a Bragg–Bretano geometry with Cu Kα1 (λ = 1.4506 Å) monochromatized radiation, respectively. The FTIR spectra were recorded in the 500–1900 cm−1 range, while the diffractograms were collected in the 5°–40° domain with a 0.04° step size and 2.5 s/step.



The optical properties of the prepared organic layers were analyzed by UV-VIS spectroscopy and photoluminescence (PL) involving a Thermo Scientific Evolution 220 Spectrophotometer (Waltham, MA, USA) and a FL920 Edinburgh Instruments Spectrometer (Livingston, UK) with a 450 W Xe lamp excitation and double monochromators on both excitation and emission, respectively. The UV-Vis and PL spectra were acquired in the 300–800 nm domain and 450–850 nm range (at a 435 nm excitation wavelength), respectively.



The morphological properties of the MAPLE-deposited layers were investigated by field-emission scanning-electron microscopy (FESEM) and atomic force microscopy (AFM) using a Zeiss Merlin Compact field emission microscope (Oberkochen, Germany) and Nanonics Multiview 4000 system (Jerusalem, Israel), respectively. Additionally, optical images of the organic thin films were acquired using the same system implied in the AFM measurements.



In order to perform the electrical measurements, aluminium (Al), a widely used metal as a contact in the organic heterostructure [26], was deposited as a top contact (100 nm) on a Tectra System (2 × 10−6 mbar, 300 W) by thermal vacuum evaporation. The I-V characteristics of the photovoltaic structures were recorded at room temperature, under AM 1.5 illumination, using an LOT-Oriel solar simulator coupled with a Keithley 2602B System Source Meter (Cleveland, OH, USA).




3. Results and Discussions


The chemical structures of the raw organic materials can be affected during their deposition as organic layers by a laser technique. Infrared spectroscopy is a valuable tool for evaluating the preservation or damage of a chemical structure by revealing the vibrational signatures of the raw organic compounds in the MAPLE-deposited layers. Thus, the FTIR spectra of the MAPLE-deposited thin films from Figure 1a show the specific vibrations of each used organic compound.



The characteristic peaks of ZnPc can be observed in the FTIR spectra of all the investigated samples, their position being at about: 728 cm−1 for C–H bend (out of plane); 1060 and 1168 cm−1 for C–H bend; 1092, 1117, and 1287 cm−1 for C–H bend (in plane); 1332 cm−1 for pyrrole stretch (in plane); 1413 and 1455 cm−1 for isoindole stretch; 1487 and 1606 cm−1 for C=C benzene stretch [27]. Along with the vibrations attributed to ZnPc, in the FTIR spectra of the P1, P2, and P3 samples the specific features of the other organic components can be also identified as follows: (i) the peaks at about 526, 574, and 1418 cm−1 are associated with C60 [28]; (ii) the peaks at about 1429 and 1735 cm−1 are correlated with PC70BM [29]; (iii) the peaks at about 699 and 772 cm−1 are for C–H bend (out of plane), at 909 and 968 cm−1 are C–H bend (out of plane), and at 1436 and 1495 cm−1 are C=C stretch in acyl backbone benzene rings related to rubrene [30]. Consequently, the presence of the vibrational fingerprints of each raw organic compound (ZnPc, C60, PC70BM, and rubrene) in the MAPLE-deposited thin films confirm that their chemical structures are preserved, with no chemical decomposition effects taking place during the MAPLE transfer.



The XRD patterns of the MAPLE-deposited thin films given in Figure 1b clearly evidence an intense peak at about 7°, characteristic for ZnPc in thin-film form [31]. The other peaks linked to ZnPc can be barely noticed due to their reduced intensity, at about 13.8°, 20.5°, 27.5°, and 34.5° (PDF 00-011-0714). These results suggest that the organic layers deposited by MAPLE feature a certain crystallinity. In the case of the P2 and P3 samples, the diffractograms disclose a peak at about 24°, which can be related to the presence of PC70BM [32].



The UV-Vis spectra and PL spectra of the MAPLE-deposited thin films are shown in Figure 2a,b, respectively. The UV-Vis spectra of all the deposited films reveal, in the visible region of the solar spectrum, the typical absorption band of the phthalocyanines and the Q band with the Davydov split consisting of a main maximum at ~690 nm and a shoulder at ~640 nm [33]. As regards the weak shoulder which appears at about ~730 nm, this was evidenced in a recent study, being considered as a sub-band of the Q band, with its intensity increasing after an annealing treatment of the ZnPc films at ~150 °C [33]. The other characteristic absorption band of the phthalocyanines, the B (Soret) band peaking at ~360 nm, can be clearly identified in the UV-Vis spectrum of ZnPc, indicating the presence of monomers. The B and Q absorption bands are due to the π-π* transition having a dipole moment in the molecule plane [24,31,33]. In the case of the P1 sample, the absorption band peaking at ~335 nm is related to the presence of C60 [34]. Besides this, the addition of fullerene compounds induces the following modifications in the absorption of ZnPc: (i) the absorption shoulder peaking at ~640 nm linked to the dimers in phthalocyanines [31] is blue-shifted by the presence of C60 and red-shifted by the presence of PC70BM; (ii) the absorption shoulder peaking at ~730 nm is increased by the presence of PC70BM. Still, due to the ZnPc absorption, the specific bands peaking at ~380 and ~480 nm are associated with PC70BM [35], and those peaking at ~460, ~500, and ~550 nm [36], attributed to rubrene, are not observed in the UV-Vis spectra of the organic blends.



The PL spectra of all the organic layers were analyzed in order to obtain data regarding the charge generation efficiency, information useful in the case of photovoltaic structures. For this reason, the PL measurements were carried on films deposited on ITO/PEDOT:PSS, this substrate being used in the fabrication of the structures investigated by electrical measurements. Regarding the emission of ITO/PEDOT:PSS substrate, the PL spectrum discloses an intense and narrow band centered at ~530 nm and a weak and broad band with two components peaking at ~650 and ~690 nm. As can be seen, the PL spectra of all the investigated samples were dominated by the emission band peaking at ~530 nm due to the ITO/PEDOT:PSS substrate, and the weak and broad emission band characteristics for each organic compounds peaked at ~730 nm for ZnPc [37], ~750 nm for C60 [38], ~710 nm for PC70BM [39], and ~630 nm for rubrene [40] being barely noticed. In the case of binary and ternary mixtures, the PL spectra evidence a quenching effect, with the intensity of the emission bands situated at wavelengths longer than 600 nm being slightly lower in comparison with those of the ZnPc film. Thus, it can be assumed that a slightly smaller part of the charge carrier recombined after the exciton dissociation.



The morphology of the active layer is another important parameter in the fabrication of organic photovoltaic structures, with the presence of grain boundaries influencing the charge carrier transport. Thus, the optical, FESEM, and AFM images of the MAPLE-deposited thin films are presented in Figure 3, Figure 4 and Figure 5, respectively.



On a large scale, the optical images (Figure 3) show that the surface of the prepared organic layers is uniform with droplets, this being the specific morphology of the films deposited by MAPLE. Additionally, all the investigated films display an agglomeration process, the effect being more pronounced in the layers based on the binary and ternary mixtures, most probably due to the low solubility of the C60 and rubrene. The FESEM images (Figure 4) reveal a globular morphology for the ZnPc, P2, and P3 samples and a splinter-like morphology for the P1 sample. The roughness parameters (RMS/Ra) were evaluated from the AFM images (Figure 5) as being 22/16 nm for the ZnPc sample, 39/27 nm for the P1 sample, 18/14 nm for the P2 sample, and 30/17 nm for the P3 sample. The ZnPc layer is characterized by large grains, a morphology typical for the films deposited by MAPLE, but also for ZnPc films deposited by other methods [21,41]. Concerning the higher roughness obtained in the case of the P1 sample, this can be explained by taking into account the lower solubility of the C60 compared to PC70BM, the splinter-like morphology, and the thickness of the layer. The roughness of the P2 sample is close to that of the ZnPc layer. As was expected, the roughness increases in the case of the P3 sample due to the addition of the third organic component, rubrene.



The J-V characteristics, recorded under illumination, of the structures developed on the organic bulk heterojunction obtained by MAPLE and a schematic energy level diagram of the materials used in their fabrication are presented in Figure 6a,b, respectively.



Additionally, the values of the electrical parameters, short-circuit current density (JSC), open-circuit voltage (VOC), and maximum power (Pmax) corresponding to each investigated structure are given in Table 2.



Thus, the P1 and P2 samples containing a mixture between ZnPc and C60 or ZnPc and PC70BM present a very small variation in the VOC value. Moreover, the P1 sample shows the highest JSC value (2.4 × 10−7 A). The result can be explained taking into account the following aspects: (i) the higher absorption of the layer containing C60, a larger quantity of light being absorbed in the active area leading to the highest value of JSC and (ii) the small difference between the LUMO orbitals of C60 and ZnPc (ΔE = 0.4 eV, ELUMO,C60 = 3.7 eV, ELUMO,ZnPc = 3.3 eV [21,42]) compared with those of PC70BM and ZnPc (ΔE = 0.7 eV, ELUMO,PC70BM = 4 eV [43]). Even if the P2 and P3 samples are characterized by the same JSC value, the addition of rubrene in the mixture containing ZnPc and PC70BM results in an increase in the VOC parameter from 0.74 V (P2 sample) at 0.88 V (P3 sample). A similar result was observed in the case of photovoltaic structures fabricated with other binary and ternary layers [18,19]. The increase in the VOC parameter is linked to a better energy alignment (cascade) between the organic compounds, with the HOMO level of the D2 lower than that of the D1; in our case, the HOMO orbitals of rubrene (EHOMO,rubrene = 5.4 eV [1]) and ZnPc (EHOMO,ZnPc = 5.2 eV [19]), respectively. Additionally, all the samples show similar values of Pmax.



Although the JSC parameter in the fabricated structures is not higher due to the non-radiative quenching of the excitons effects and to the roughness parameters which can affect the percolation path of the charge carrier toward electrodes [25], it can be improved by using a higher concentration of the organic compounds than that involved in this work (3% w/v) in the MAPLE process. Thus, by increasing the concentration of the organic components in the MAPLE target, the absorption of the deposited films will be enhanced, leading to an increase in the number of the generated excitons which will dissociate in a larger number of free charge carriers, resulting finally in an improvement in the electrical parameters of the organic structure. Additionally, a recent study focusing on the RIR-MAPLE deposition of the conjugated polymers [44] evidences that the improvement of the JSC parameter can be achieved by involving, during the MAPLE process, a solvent which allows the deposition of organic films with a lower roughness. Consequently, the outcome of this work is promising for future studies focused on ternary organic cell structures obtained by the MAPLE technique.




4. Conclusions


Thin films based on ZnPc, ZnPc:C60, ZnPc:PC70BM, and ZnPc:rubrene:PC70BM were deposited by MAPLE, being further used as active layers in binary and ternary organic solar cell structures. The FTIR spectra confirm that the chemical structure of organic components, such as ZnPc, C60, PC70BM, and rubrene, is preserved during the laser evaporation process. In the UV-Vis spectra of the MAPLE-deposited layers the typical absorption band of ZnPc prevails, while their PL spectra are dominated by the emission linked to the ITO/PEDOT:PSS substrate, with the emission bands characteristic of each organic compound (ZnPc, C60, PC70BM, rubrene) being barely identified. The morphological investigations reveal a globular morphology for the ZnPc, ZnPc:PC70BM, and ZnPc:rubrene:PC70BM samples and a splinter-like morphology for the ZnPc:C60 sample. The J-V characteristics of the organic structures recorded under illumination show that an increase in the open-circuit voltage (VOC) is achieved in the case of the ternary blend in comparison with that obtained for binary blends, while the value of the short-circuit current (JSC) is comparable for the investigated structures. The results emphasize the potential of these structures developed on the MAPLE-deposited thin films containing binary and ternary organic bulk heterojunctions in the field of organic photovoltaic devices.
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Scheme 1. Schematic representation of the MAPLE set-up used for the deposition of the organic layers. 
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Figure 1. FTIR spectra (a) and XRD patterns (b) of the MAPLE-deposited organic layers on silicon (a) and glass (b). 
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Figure 2. UV-Vis spectra (a) and PL spectra (b) of the MAPLE-deposited organic layers on glass (a) and ITO/PEDOT:PSS (b). 
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Figure 3. Optical images of the MAPLE-deposited organic layers on glass (500 × 150 × 120 μm3). 
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Figure 4. FESEM images of the MAPLE-deposited organic layers on silicon. 
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Figure 5. AFM images of the of the MAPLE-deposited organic layers on ITO/PEDOT:PSS. 
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Figure 6. J-V characteristic of the structures based on MAPLE-deposited organic layers on ITO/PEDOT:PSS (a) and the energy level diagram of the materials integrated in these structures (b). 
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Table 1. Organic layers deposited by MAPLE, their composition, the ratio between their components, and the number of laser pulses used in the deposition of each organic layer.
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	Sample
	Composition
	Ratio
	Number of the Laser Pulses





	P0
	ZnPc
	1
	50 K



	P1
	ZnPc:C60
	1:1
	100 K



	P2
	ZnPc:PC70BM
	1:1
	100 K



	P3
	ZnPc:rubrene:PC70BM
	1:1:1
	100 K
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Table 2. Electrical parameters of the MAPLE-deposited organic layers.
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	Sample
	VOC [V]
	JSC [A]
	Pmax [W]





	P1
	0.76
	2.4 × 10−7
	5.6 × 10−8



	P2
	0.74
	6.9 × 10−8
	1.2 × 10−8



	P3
	0.88
	6.9 × 10−8
	3.1 × 10−8
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