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Abstract

:

Obtaining white light from organic LEDs is a considerable challenge and, to realize white light emission, many studies have been conducted, primarily addressing two- or three-color blend systems as a promising strategy. In this work, pristine films, grown by spin coating, consisting of commercial blue Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), green Poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), and red spiro-copolymer (SPR) light-emitting materials, were studied as reference materials. Afterward, binary (SPR doped in host PFO) and ternary (SPR and F8BT doped in host PFO) thin films were successfully prepared with various ratios. The characterization of the as-grown and thermally-treated blend films was focused on their optical and photophysical properties. After, the fabrication of OLED devices on glass substrates was carried out for the evaluation of a blend’s composition and annealing in terms of the devices’ electrical characteristics and electro-emission properties in order to achieve white light emission. Their analysis provided insights into the energy transfer mechanisms between the constituent materials, which were correlated to host–guest interactions as well as to the structural changes originated by thermal treatment, leading to the crystallization of PFO. Finally, the OLEDs based on ternary blends approach the white light emission with (x, y) of (0.272, 0.346). These fabricated devices also exhibit turn-on voltages as low as 3 V, accompanied by remarkable luminance values above 3000 cd/m2.
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1. Introduction


Organic light emitting diodes (OLEDs), with emphasis on white OLEDs (WOLEDs), have many attractive features, such as: they can be easily fabricated using wet processes on flexible substrates, they are cost-effective, and they perform well in many applications, from flat panel displays to interior lighting [1,2,3,4,5]. Solution-processed WOLEDs are superior to traditional light sources in terms of their merits in ensuring pure white-light emission, low-energy consumption, large area, low-cost thin-film fabrication, etc. To produce WOLEDs, at least two or three emissive materials are deposited in a multilayer structure [6,7], or, alternatively, single-layer emitting copolymers that bear different emitting chromophores [8,9,10,11] or single-layer mixed polymers by blending (or doping) [2,12,13,14,15] can be implemented. Unfortunately, the fabrication of WOLEDs based on multilayered emissive layers involves the difficulty of finding a suitable solvent for each layer without dissolving the underlying layers, and the produced devices can suffer from some remarkable disadvantages, such as intricate device fabrication and voltage-dependent emission color, etc. Therefore, it is preferable to fabricate WOLEDs with a simpler architecture, that is, the use of single-layer emitting materials. However, the achievement of highly efficient WOLEDs by using single-layer white emitters is still a challenge in terms of both the judicious design of the light emitters and their device architectures. Thus, much work should still be done to develop new types of white emitters as well as to fabricate highly efficient WOLEDs by combining the merits of a simple fabrication process, low-energy consumption, and low cost.



Förster resonance energy transfer (FRET) excitation in a blend requires the appropriate mixing of the two or three materials as well as the optimum spectral overlap between acceptor absorption and donor emission. By successful mixing of donors and acceptors, in blended emitting materials, the concentration quenching of the produced excitons is reduced, enabling tuning of the Commission Internationale de l’Enclairage (CIE) coordinates of light emission and enhancing efficiency [16,17,18,19].



Theoretically, white light emission can be achieved using the combination of two different emitting colors, either via a combination of blue and red emitting colors or through the combination of three colors, namely red, green, and blue [20,21,22]. The latter offers a better way of producing white light for OLEDs. Al-Asbahi [13] suggested the optimum combination of poly (9,9′-di-n-octylfluorenyl-2,7-diyl) (PFO) blue emitter, 2-butyl-6-(butylamino) benzo (de) isoquinoline-1,3-dione (F7GA) green emitter, and poly (2methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) red emitter in ternary blended thin films to obtain white OLEDs, exhibiting a maximum luminance of 2295 cd/m2 and CIE coordinates of (0.31, 0.24). However, there is still space for further optimization in terms of white color coordinates and devices’ operational characteristics. Recently, we reported the fabrication of WOLED devices based on blends of PFO, poly (9,9-dioctylfluorene-altbaenzothiadiazole) (F8BT) green emitter, and poly (2-methoxy-5-(30,70-dimethylocty loxy)-1,4-phenylenevinylene) (MDMO-PPV) red emitter exhibiting high color stability but relatively low brightness [23].



This paper addresses the use of an alternative combination of emitting materials to produce either binary or ternary blends for the manufacturing of WOLED devices with CIE coordinates as close as possible to the ideal ones (0.33, 0.33), together with higher efficiency. These materials are the PFO as the blue emitter and a spiro-copolymer (SPR) of high efficiency as the red one, for the case of binary blends. Additionally, F8BT was used, for the case of ternary blends, as the green emitter. The SPR red emitter used in the present work has an absorption profile quite different from that usually used in blends’ poly(phenylenevinylene) (PPV) derivatives, such as MEH-PPV or MDMO-PVV. A detailed study was conducted to provide insights into the energy transfer mechanism between the PFO donor and the SPR acceptor, or the PFO donor and the F8BT and SPR acceptors. The effect of annealing on the pristine films and the produced binary and ternary blends was also investigated, as it has been shown that thermal annealing can remarkably affect the device’s performance.




2. Materials and Methods


The poly (9,9-di-n-octylfluorenyl-2,7-diyl) PFO (Mw = 114.050) and the poly (9,9-dioctylfluorene-alt-benzothiadiazole) F8BT (Mw = 237,460) were purchased from Ossila (Sheffield, UK). The red light-emitting spiro-copolymer-001 SPR (Mw = 180,000) was purchased from Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany. All materials were dissolved in a toluene solvent. For the Hole Transport Layer (HTL), a solution of poly-3,4-ethylene dioxythiophene:poly-styrene sulfonate (PEDOT:PSS, Clevios Heraus, Hanau, Germany) AI 4083 mixed with ethanol in the ratio of 2:1 was prepared. Glass and pre-patterned Indium-Tin Oxide-coated (ITO) glass substrates (received by Ossila, Sheffield, United Kingdom) were extensively cleaned by sonication in DI, acetone, and ethanol for 10 min followed by drying with nitrogen. The substrates were also treated with oxygen plasma at 40 W for 3 min. Glass substrates were used to deposit all samples for measuring absorption by Spectroscopic Ellipsometry (SE), Absorption Spectroscopy (AS), and Photoluminescence (PL), whereas the ITO/glass substrates were used for the fabrication of OLED devices for Electroluminescence (EL) measurements.



SPR and PFO solutions with different weight ratios, stirred under heating for 24 h, were used to prepare the homogeneous binary blends. In the same manner, SPR, F8BT, and PFO solutions were used to prepare the ternary blends. The precise ratios used are listed in Table 1. For all solutions, the final concentration was fixed at 1% w/w.



Both binary and ternary blends were deposited onto the glass and etched ITO substrates (2 cm × 1.5 cm) by the spin-coating technique at a rotational speed of 1500 rpm for 1 min. Two separate samples of each of the two pristine and blended materials were developed to proceed to the comparative characterization of as-grown and thermally treated films. The annealed films were baked in a vacuum oven for 10 min at 120 °C. The thickness of all films was calculated by SE data analysis. The thicknesses of the pristine films and of representative blended films are listed in Table 2.



For the device fabrication, the PEDOT:PSS HTL layer was deposited by the spin coating method onto the glass/ITO substrate followed by annealing at 120 °C for 5 min. The emitting layers (EML) were spun using the binary and ternary blend solutions onto the PEDOT:PSS layer. Finally, a bilayer of 6 nm thick Ca and 125 nm thick Ag was used as a cathode electrode bilayer and was deposited using the appropriate shadow masks by Vacuum Thermal Evaporation (VTE). In Figure 1a,b, the structures of the deposited monolithic films and of the fabricated multilayer OLED devices are illustrated, respectively. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level for each polymer studied in this work and used for the blends’ formation, as well as the energy levels of the sequential layers, namely ITO—anode, PEDOT:PSS—HTL, and Ca/Ag—cathode bilayer, of the OLED devices, are presented in Figure 1c.



The blend films and the OLED devices were characterized in terms of their optical, photophysical, and electrooptical properties using Spectroscopic Ellipsometry (SE) and Absorption, Photoluminescence, and Electroluminescence Spectroscopies.



The SE measurements were conducted using a phase modulated ellipsometer (Horiba JobinYvon, UVISEL, Europe Research Center—Palaiseau, France) from the near IR to far UV spectral region 1.5–6.5 eV with a step of 20 meV at a 70° angle of incidence. The SE experimental data were fitted to model-generated data using the Levenberg–Marquardt algorithm, taking into consideration all the fitting parameters of the applied model.



The absorbance measurements were conducted using the set-up of ThetaMetrisis (model FR UV/VIS) (ThetaMetrisis S.A., Athens, Greec). Combining a deuterium and halogen light source, all measurements were performed in the 300–700 nm spectral range.



The Photoluminescence and Electroluminescence measurements of the active layers and the final OLED devices, respectively, were measured using the Hamamatsu Absolute PL Quantum Yield measurement system (C9920-02) and the External Quantum Efficiency (EQE) system (C9920-12) (Joko-cho, Higashi-ku, Hamamatsu City, 431-3196, Japan), which measures the luminance and light distribution of the devices.




3. Results and Discussion


3.1. Optical Properties


SE is a powerful, robust, non-destructive, and surface-sensitive optical technique for the determination of the optical properties as well as the thickness of the thin films, in our case, of the light-emitting polymers and blends. Through the SE technique, we can measure the pseudodielectric function:


〈ε(E)〉 = 〈ε1(E)〉 + i〈ε2(E)〉



(1)




of the studied thin films. By applying the appropriate modelling and fitting procedures, we can extract significant information about the dielectric function ε(E), the thickness of the thin films with nanometer-scale precision, the refractive index, the absorption coefficient, and the optical constants, such as the fundamental band gap and the higher energy optical gaps.



The dielectric functions of PFO, F8BT, and SPR and of their blends were calculated through the analysis of the measured 〈ε(E)〉 spectra, using the modified Tauc–Lorentz (TL) dispersion oscillator model, which has been successfully applied in amorphous organic semiconductors [8,24,25,26,27] in combination to the three-phase geometrical model glass/emitting film/air (see Figure 1a). Particularly, in the case of organic materials, electron–phonon coupling is of great importance [24] and, thus, for the best description of the optical response of amorphous organic thin films, the energy-dependent broadening is employed in the TL oscillator model. The model and SE analysis procedure are presented in detail in Ref. [28].



The real ε1(E) and the imaginary ε2(E) parts of the calculated complex ε(E), using the best-fit parameters, of the pristine PFO, F8BT, and SPR films and the representative Binary#1 and Ternary#1 blend films are plotted versus photon energy in Figure 2a,b, respectively. It is evident that the characteristic absorptions of the blends are similar to that of pure PFO because of the low contents of F8BT and SPR. Figure 2c,d depicts the dielectric functions of the as-grown and annealed blends, Binary#1 and Ternary#1. The thermally treated films, annealed at 120 °C, exhibit a shift in the absorption edge to lower energies and an increase in the strength of the characteristic absorption features. These modifications are considered to the presence of small contents of the crystalline PFO phase in the amorphous PFO matrix after thermal annealing, which has an extended conjugation length [29].



The complex dielectric function is directly related to complex refractive index N:


  ε  E  = N    E   2   



(2)




that includes two components,  n  and  κ . The  n  component represents a quantitative description of light propagation in the medium, and the κ component stands for the extinction coefficient, which expresses absorption of light by medium [26]:


  N  E  = n + i κ  



(3)







The absorption coefficient is mathematically expressed as follows [26]:


  α =   4 π κ  λ   



(4)




where  λ  is the wavelength.



More often, absorbance A of thin films is characterized by UV–vis-NIR AS. The absorbance of a thin layer is proportional to its thickness and to the absorption coefficient α of the material:


  A = α   d    



(5)







Absorption spectroscopy is an analytical method commonly used for studying interactions of light with materials, which can be interpreted by changes in absorption spectra of the materials.



The shapes of the determined absorption coefficients spectra of the SPR, F8BT, and PFO were compared with the shapes of the absorption spectra obtained by UV–vis AS. Figure 3 shows the normalized absorbance spectra and the absorption coefficient spectra. The latter were calculated through the analysis of the SE data. There are some differences in the shapes of the spectra, probably due to the uncertainties of experimental instruments and to layers’ inhomogeneity. The characteristic features in each material appear in the corresponding spectra with a slight blue-shift of the absorption coefficient compared to the absorbance. In addition, the absorption edge for all the films appears to be more abrupt in the case of the absorption coefficient. PFO demonstrated the first absorption maximum within the range of 360–380 nm, while F8BT was within the range of 410–450 nm. SPR showed a characteristic plateau in absorption, which covers the range 310–460 nm.



The calculated absorption coefficient, derived through SE, which is regarded as the most accurate method for the precise determination of the optical properties of thin films, can also give us a quantitative comparison in terms of the strength of the absorption and not only compare the characteristic wavelength regions where the characteristic absorption peaks appear, such as absorbance. Therefore, it is more preferable to use the absorption coefficient in the study of spectral overlaps between absorption and photoemission of materials.



On the other hand, we have to notice that the band gap (   E g   ) derived by the SE analysis is not adequately estimated since, in the TL model, the discrete absorption features below the bandgap are not considered. However, the defects, or the polymer’s structural changes and disorder, contribute to the absorption tail at the absorption edge region [30,31]. Thus, for the precise estimation of the band gap, the Tauc plot analysis is applied, which assumes that the energy-dependent absorption coefficient α can be expressed for the case of the direct transition band gap, by the following equation [31]:


      a · E    2  = B   E −  E g  T a u c      



(6)




where  E  is the photon’s energy,    E g  T a u c     is the band gap energy, and  B  is a constant. In the resulting plot, the distinct linear regime denotes the onset of absorption, which is linearly fitted, and the energy of the optical band gap of the material is obtained.



Table 2 summarizes the results for the calculated band gaps    E g    and    E g  T a u c     and their energy difference (ΔE) of the pristine materials and the representative Binary#1 and Ternary#1 blends. It is evident from these results that the absorption edge is almost sharp, and the defects and disorder should be relatively low. Therefore, they do not have a strong contribution to the calculation of the absorption coefficient, which is not the case when measuring the absorbance. Furthermore, lower band gap    E g    values are systematically observed compared to the corresponding    E g  T a u c     values, either for the as-grown or thermally treated blends.



When different organic compounds, such as polymers, form a blended system, this system may undergo alteration in photophysical properties, including the energy transfer mechanism. In the photoluminescence process, radiative and non-radiative energy transfer may take place. In the radiative energy transfer mechanism, the energy is transferred from one molecule to another molecule in the form of electromagnetic radiation [32,33,34]. On the other hand, in the non-radiative energy transfer mechanism, the electronic interaction between two different organic materials takes place, that is, the excited energy of the electron from one molecule (donor) is transferred to the other molecule (acceptor) without emitting a photon, resulting in the quenched emission of the donor. The prerequisite for the non-radiative energy transfer mechanism to occur is the required overlay of the emission wave functions of the donor with that of the absorption of the acceptor. This overlap is not a unique condition for the occurrence of non-radiative transfer of the Förster type, which still depends on the distance between chromophores [35,36,37,38] that cannot be larger than the Förster radius and spatial orientation between electric dipoles of the involved electronic states [39,40,41,42].




3.2. Correlation of Absorption and Photoluminescence for Förster Resonance Energy Transfer (FRET)


The non-radiative energy transfer mechanism between PFO and F8BT is evident from the significant spectral overlap between the PFO donor emission and the F8BT acceptor absorption (Figure 4a). Here, it is noteworthy to mention that this huge spectral overlap between the emission of PFO and the absorption of F8BT manifests that a large fraction of energy shall be transferred to the latter. A respective sufficient spectral overlap, as shown in Figure 4b, also suggests the possible non-radiative energy transfer between PFO and SPR. On the contrary, no significant energy transfer is expected between F8BT and SPR, as demonstrated by Figure 4c. Figure 4d summarizes the overlaps between all three components used for the ternary systems. One can expect a cascade energy transfer from PFO to F8BT and then SPR. Finally, Figure 4e shows the correlation between the Absorbance and PL emission of the as-grown and thermally treated PFO films, while the inset shows the respective absorption coefficients. The observed red-shift in both the absorption edge and PL emission is consistent with the formation of crystalline phases upon annealing. More specifically, the PL spectrum of the as-grown PFO thin film has a main broad peak, which is deconvoluted with two individual peaks at 427 and 444 nm, as well as two additional weaker peaks centered at 469 and 514 nm, leading to a green emitting tail. For the case of the annealed PFO thin film, the corresponding PL peaks become significantly more distinct and red-shift to 434 and 457 nm. It is well established by the literature that thermal annealing has a strong influence on the fluorescence characteristics of the pure PFO film, which is attributed to the formation of crystalline phases of the polymer within the layer [43,44].




3.3. Photoluminescence of the Binary and Ternary Thin Films


Figure 5 shows the photoluminescence spectra of the as-grown and annealed binary PFO/SPR and ternary PFO/F8BT/SPR thin films, with various ratios, at the excitation wavelength of 380 nm. In all figures, the PL emission spectra of all pristine films are also plotted, for a better interpretation of the results. The wavelength labels refer to the peaks’ maximums derived by the deconvolution analysis performed in each spectrum [20]. In general, the blue-shifts of the characteristic F8BT and SPR emissions compared to those of the pristine materials can be attributed to the conformational changes in the backbone arrangements of the constituents in the blended polymer films. In the binary PFO/SPR blend thin films, the characteristic PFO emission peaks are preserved, regardless of whether they have been annealed or are in the PFO and SPR blending ratios. On the contrary, the characteristic peak of the SPR emission shows a strong dependence on both the content and on the annealing. More specifically, by increasing the SPR content, the emission intensity in the red region increases more strongly in the as-grown films and, to a lesser extent, in the annealed ones. This can be attributed to the non-effective energy transfer from the PFO matrix to the SPR component due to the formation of the crystalline PFO phase resulting from thermal annealing. More specifically, the crystalline PFO domains act as individual blue emission centers enhancing the ratio of blue to red emission in the normalized PL intensity.



In the ternary films with the addition of the F8BT, the emission peak in the green region, referring to F8BT, dominates the spectrum independently from the F8BT content. This peak is attributed to the efficient energy transfer from the PFO to the F8BT molecules, while the observed blue shifting is attributed to residual PFO emission, as it is justified by Figure 4a. On the other hand, in the as-grown films, the intensity of the main peaks corresponding to PFO decreased dramatically, following the increase in the F8BT content against that of PFO. However, in the annealed ternary films, the PFO emission is preserved in the PFO:F8BT:SPR (99:0.5:0.5) blend, whilst it is reduced at the other two ratios. This indicates that there exists efficient energy transfer from amorphous PFO to the crystalline PFO phase that acts as an efficient blue dopant [45,46]. Furthermore, the broadened PL spectra with additional emission in the long-wavelength region confirm the possibility of dual FRET occurrence in ternary blend thin films from PFO to F8BT and SPR. Thus, the crystalline PFO phase and the F8BT and SPR moieties serve as blue, green, and red fluorescent dopants in the amorphous PFO matrix, making the enhancement of the white emission of the ternary blends possible.



To gain insights into the energy transfer mechanisms, PL spectra were recorded in variable excitations. Figure 6a–d shows the sequential recorded PL spectra, by using excitation wavelengths λexc from 330 to 390 nm with a step of 10 nm, of the as-grown and annealed blends, Binary#1 and Ternary#1. This wavelength range of excitation was selected because it corresponds to the maximum absorption of PFO. It is obvious that in all films, the PL intensity increases with the increase in λexc from 330 to 390 nm as it approaches the energy band gap of the PFO.




3.4. Electroluminescence of the Binary and Ternary OLEDs


Figure 7 shows the EL spectra of all devices. The spectra show a broad visible emission from 400 to 800 nm. Devices based on the as-grown binary PFO/SPR blends displayed three emission peaks. The first two peaks at 438 and 518 nm are associated with blue emission from PFO, and the third featureless double peak at 610 and 641 nm is associated with the red emission from SPR. In the case of the annealed binary blends, the enhancement of the PFO emission at 433, 457, and 490 nm, and the remarkable reduction in the SPR emission intensity at ~630 nm for the PFO:SPR (99:1) blend are notable, which shows that the annealing of the films and the subsequent crystallization of the PFO component limits the energy transfer mechanism. With the addition of F8BT in the ternary blends, the dominant emission is located at ~520 nm, which can be attributed to PFO and F8BT combined emissions. For the OLED devices of the as-grown blends of ratios PFO:F8BT:SPR (97:2.5:0.5) and (98:1.5:0.5), an efficient energy transfer from PFO to F8BT is obtained. However, for the (99:0.5:0.5) blend, with the lower F8BT content, the PFO emission is enhanced. By comparing the relative normalized emission intensities in the blue and green range of the annealed blends’ OLED devices (429, 453, 523, and 570), we can conclude that a more balanced energy transfer takes place, and a control in the blue emission intensity can be achieved. This fact may be related to the charge trapping mechanism, that also takes place in EL emission, except for the energy transfer mechanism. This suggests that the carriers being trapped by the crystallized phase of PFO simultaneously occurs in addition to the dual energy transfer mechanism from PFO to F8BT and SPR.




3.5. Chromaticity and Electrical Properties


Figure 8 depicts the chromaticity diagram with the Commission Internationale de L’ Eclairage (CIE) coordinates, derived from (a) PL and (b) EL measurements, and the corresponding numerical data are listed in Table 3. Generally, the CIE coordinate visualizes the entire range of colors that can be obtained by mixing the three primary colors (red (R), green (G), and blue (B)) by varying the wavelength and emission intensity. According to the CIE diagram, it is obvious that the PL emission of the ternary blends approaches closer to the white region. Moreover, the thermally treated binary blends show a clear tendency to blue emission. On the contrary, the as-grown ternary blends emit in green, while white emission is achieved after their thermal treatment. Clearly, the tendency of the EL CIE coordinates of the studied blends is similar to that of PL. Annealing causes a blue shift in the emission of the blends. In binary blends, their characteristic yellow-orange emission shifts significantly to the near blue range upon their annealing. Finally, for the case of the ternary blends, the initial green emission of the as-grown ones approaches the desirable white emission upon their thermal treatment. The CIE coordinates of the ternary blends with the higher PFO contents, namely (98:1.5:0.5) and (99:0.5:0.5), are closer to the ideal ones (0.33, 0.33), revealing their potential as efficient white light-emitting materials. In the diagram of Figure 7b, the respective photos of the produced OLED devices have been added, using the binary and ternary as-grown and annealed blends, during their operation.



Concerning the electrical characteristics, the turn-on voltages (measured for a 10 cd/m2 luminance) of the OLED devices fabricated using ternary blends are generally lower compared to those of binary ones (see Table 3). This decrease in the current density values may be related to an increase in the exciton confinement and recombination efficiency in the emissive layer, which is important for improving device performance. Furthermore, the Color Rendering Index (CRI) for the majority of the produced devices is high enough, and mainly, for the most promising devices, is satisfactorily high for solution-processed white OLEDs, 70 and above. Finally, the devices exhibit high luminance, especially the ternary blends, although, in general, a reduction in the luminance of the annealed blends is observed compared to the as-grown counterparts. Annealing can probably lead to a phase separation due to the rearrangement of polymer chains [47,48] as well as to an increase in the films’ roughness affecting the device performance by their effect on the Förster energy transfer mechanisms, the charge recombination probability, and the charge injection [49]. Indeed, the luminance values show a declining trend by increasing the PFO content. Nevertheless, a more thorough evaluation of the performance of the materials requires a more systematic study which concerns samples of the same thickness, but this was out of the scope of this work.





4. Conclusions


Binary and ternary polymer blends were studied in terms of their photophysical properties and used as photoactive materials for the fabrication of white OLEDs. The binary blends were produced by mixing red SPR into the host blue PFO, whereas the ternary blends were produced by mixing SPR and green F8BT into the host PFO. Different ratios of the constituents, as well as the effect of post growth thermal treatment of the blends, were examined.



It was found that the optical properties and, specifically, the dielectric function, the fundamental band gap, and the optical absorptions of the blends are mainly controlled by the dominant PFO constituent. The correlation of the PFO PL emission spectrum with the absorption spectra of F8BT and SPR demonstrated the potential FRET mechanism from PFO to SPR in the binary blends and the possibility of dual FRET occurrence from PFO to F8BT and SPR in the ternary blends. On the contrary, a negligible overlap between F8BT PL emission and SPR absorption was obtained. The PL emission of both as-grown and annealed binary blends strongly depends on the SPR ratio in the red spectral range. A dominant F8BT PL emission with subsequent elimination of the PFO PL emission for the as-grown ternary blends was obtained. The annealing of the ternary blends enhances the PFO PL emission, which increases by increasing the PFO ratio. From the EL characterization, it was found that FRET is the dominant mechanism in the as-grown blends leading to a characteristic red-orange emission in binary blends and green emission in ternary blends. The PFO emission is preserved in the annealed blends; however, in the binaries, the emission shifts to the near blue region, while, in the ternaries, the emission significantly approaches the white region. The effect of thermal treatment leads to the formation of a crystalline PFO phase in the amorphous PFO matrix, exhibiting an extended conjugation length, as was revealed by the red shift of the absorption. As a result, the crystalline PFO phase acts as an efficient blue dopant for enhancing color purity towards the achievement of white light emission. Furthermore, the electrical characteristics of the produced OLED devices, such as low turn-on voltages (2–3 V) and their operational performances with luminance above 3000 cd/m2 and a CRI of 70 and above, demonstrate the use of ternary blends as very promising candidates for white OLEDs.







Author Contributions


Conceptualization, writing—original draft preparation, methodology, project administration, funding acquisition, supervision, M.G.; investigation, methodology, data curation, writing—review and editing, D.T.; investigation, methodology, data curation, formal analysis, V.F.; investigation, methodology, resources, writing—review and editing, V.K.; investigation, formal analysis, K.P.; formal analysis, visualization, writing—review and editing, S.K.; conceptualization, resources, S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been co-funded by the European Regional Development Fund of the European Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship, and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code: T1EDK-01039).




Data Availability Statement


Data presented in this article are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



D’Andrade, B.W.; Forrest, S.R. White organic light-emitting devices for solid-state lighting. Adv. Mater. 2004, 16, 1585–1595. [Google Scholar] [CrossRef]

	



Reineke, S.; Thomschke, M.; Lussem, B.; Leo, K. White organic light-emitting diodes: Status and perspective. Rev. Mod. Phys. 2013, 85, 1245–1293. [Google Scholar] [CrossRef]

	



Karzazi, Y. Organic light emitting diodes: Devices and applications. Environ. Sci. 2014, 5, 1–12. [Google Scholar]

	



Aleksandrova, M. Specifics and challenges to flexible organic light-emitting devices. Adv. Mater. Sci. Eng. 2016, 2016, 4081697. [Google Scholar] [CrossRef]

	



Wang, S.; Zhang, H.; Zhang, B.; Xie, Z.; Wong, W. Towards high-power-efficiency solution-processed OLEDs: Material and device perspectives. Mater. Sci. Eng. R 2020, 140, 100547. [Google Scholar] [CrossRef]

	



Yang, H.; Xie, W.; Zhao, Y.; Hou, J.; Liu, S. High efficiency small molecule white organic light-emitting devices with a multilayer structure. Solid State Commun. 2006, 139, 468–472. [Google Scholar] [CrossRef]

	



Zhang, S.; Yue, S.; Wu, Q.; Zhang, Z.; Chen, Y.; Wang, X.; Liu, Z.; Xie, G.; Xue, Q.; Qu, D.; et al. Color stable multilayer all phosphor white organic light-emitting diodes with excellent color quality. Org. Electron. 2013, 14, 2014–2022. [Google Scholar] [CrossRef]

	



Gioti, M.; Kokkinos, D.; Chaidou, C.I.; Laskarakis, A.; Andreopoulou, A.K.; Kallitsis, J.K.; Logothetidis, S. A comprehensive study of the optical properties of emitting polymers for efficient flexible OLED devices. Phys. Status Solidi A 2016, 213, 2947–2953. [Google Scholar] [CrossRef]

	



Wang, H.; Xu, Y.; Tsuboi, T.; Xu, H.; Wua, Y.; Zhang, Z.; Miao, Y.; Hao, Y.; Liu, X.; Xu, B.; et al. Energy transfer in polyfluorene copolymer used for white-light organic light emitting device. Org. Electron. 2013, 14, 827–838. [Google Scholar] [CrossRef]

	



Liu, J.; Guo, X.; Bu, L.; Xie, Z.; Cheng, Y.; Wang, Y.G.L.; Jing, X.; Wang, F. White Electroluminescence from a Single-Polymer System with Simultaneous Two-Color Emission: Polyfluorene Blue Host and Side-Chain-Located Orange Dopant. Adv. Funct. Mater. 2007, 17, 1917–1925. [Google Scholar] [CrossRef]

	



Tselekidou, D.; Papadopoulos, K.; Kyriazopoulos, V.; Andreopoulou, A.K.; Andrikopoulos, K.; Kallitsis, J.K.; Laskaraki, A.; Logothetidis, S.; Gioti, M. Photophysical and electro-optical properties of copolymers bearing blue and red chromophores for single-layer white OLEDs. Nanomaterials 2021, 11, 2629. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Li, W.; Wang, B.; He, Y.; Miao, T.; Lü, X.; Fu., G. Single-component white polymer light-emitting diode (WPLED) based on a binary tris-pyrazolonate-Sm-complex. J. Lumin. 2020, 221, 117054. [Google Scholar] [CrossRef]

	



Al-Asbahi, B.A. Dual Förster resonance energy transfer in ternary PFO/MEH-PPV/F7GA hybrid thin films for white organic light-emitting diodes. Dye. Pigment. 2021, 186, 109011. [Google Scholar] [CrossRef]

	



Franchello, F.; de Menezes, L.C.W.; Renzi, W.; Laureto, E.; Turchetti, D.A.; Akcelrud, L.C.; Ferreira De Deus, J.; Duarte, J.L. Achieving White Emission from Solution Processable Blends of Polyvinylene Derivative Guests into a Polyfluorene Matrix. J. Electron. Mater. 2019, 48, 5980–5987. [Google Scholar] [CrossRef]

	



Al-Asbahi, B.A.; AlSalhi, M.S.; Jumali, M.H.H.; Fatehmulla, A.; Qaid, S.M.H.; Mujamammi, W.M.; Ghaithan, H.M. Conjugated Polymers-Based Ternary Hybrid toward Unique Photophysical Properties. Molecules 2022, 27, 7011. [Google Scholar] [CrossRef]

	



Guzelturk, B.; Demir, H.V. Near-field energy transfer using Nanoemitters for optoelectronics. Adv. Funct. Mater. 2016, 26, 8158–8177. [Google Scholar] [CrossRef]

	



Förster, T. 10th Spiers Memorial Lecture. Transfer mechanisms of electronic excitation. Discuss Faraday Soc. 1959, 27, 7–17. [Google Scholar] [CrossRef]

	



Shaheen, S.; Kippelen, B.; Peyghambarian, N.; Wang, J.F.; Anderson, J.; Mash, E.A.; Lee, P.A.; Armstrong, N.R. Energy and charge transfer in organic light-emitting diodes: A soluble quinacridone study. J. Appl. Phys. 1999, 85, 7939–7945. [Google Scholar] [CrossRef]

	



Mattoussi, H.; Murata, H.; Merritt, C.D.; Iizumi, Y.; Kido, J.; Kafafi, Z.H. Photoluminescence quantum yield of pure and molecularly doped organic solid films. J. Appl. Phys. 1999, 86, 2642–2650. [Google Scholar] [CrossRef]

	



Sun, Y.; Giebink, N.C.; Kanno, H.; Ma, B.; Thompson, M.E.; Forrest, S.R. Management of singlet and triplet excitons for efficient white organic light-emitting devices. Nature 2006, 440, 908–912. [Google Scholar] [CrossRef]

	



Kim, N.H.; Kim, Y.H.; Yoon, J.A.; Lee, S.Y.; Ryu, D.H.; Wood, R.; Moon, C.B.; Kim, W.Y. Color optimization of single emissive white OLEDs via energy transfer between RGB fluorescent dopants. J. Lumin. 2013, 143, 723–728. [Google Scholar] [CrossRef]

	



Kwon, K.; Lee, Y.K.; Park, T.J.; Uchiike, H.; Kwon, J.H.; Jang, J.; Jin, J.K.; Shin, D.C.; You, H. High-Efficiency White Polymer Light-Emitting Diodes Based on Blended RGB Polymers. Mol. Cryst. Liq. Cryst. 2006, 458, 263–272. [Google Scholar] [CrossRef]

	



Gioti, M.; Foris, V.; Kyriazopoulos, V.; Mekeridis, E.; Laskarakis, A.; Logothetidis, S. Optical and electrical characterization of blended active materials for white OLEDs (WOLEDs). Mater. Today Proc. 2021, 37, A32–A38. [Google Scholar] [CrossRef]

	



Farahzadi, A.; Beigmohamadi, M.; Niyamakom, P.; Kremers, S.; Meyer, N.; Heuken, M.; Wuttig, M. Characterization of amorphous organic thin films, determination of precise model for spectroscopic ellipsometry measurements. Appl. Surf. Sci. 2010, 256, 6612–6617. [Google Scholar] [CrossRef]

	



Jellison, G.E.; Modine, F.A. Parameterization of the optical functions of amorphous materials in the interband region. Appl. Phys. Lett. 1996, 69, 371–373. [Google Scholar] [CrossRef]

	



Azzam, R.; Bashara, N. Ellipsometry and Polarized Light; North-Holland Pub.: Amsterdam, The Netherlands, 1977; ISBN 0720406943. [Google Scholar]

	



Kim, C.C.; Garland, J.W.; Raccah, P.M. Modeling the optical dielectric function of semiconductors: Extension of the critical-point parabolic-band approximation. Phys. Rev. B 1992, 45, 11749–11767. [Google Scholar] [CrossRef]

	



Gioti, M. Optical, photophysical, and electrooptical studies on slot-die polyfluorene-based flexible OLED devices. Opt. Mater. Express 2020, 11, 1442–1456. [Google Scholar] [CrossRef]

	



Chen, H.; Su, A.C.; Su, C.H.; Chen, S.A. Crystalline Forms and Emission Behavior of Poly(9, 9-di-n-octyl-2, 7-fluorene). Macromolecules 2005, 38, 379–385. [Google Scholar] [CrossRef]

	



Makuła, P.; Pacia, M.; Macyk, W. How to correctly determine the band gap energy of modified semiconductor photocatalysts based on UV–vis spectra. J. Phys. Chem. Lett. 2018, 9, 6814–6817. [Google Scholar] [CrossRef]

	



Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of Amorphous Germanium. Phys. Status Solidi B 1966, 15, 627–637. [Google Scholar] [CrossRef]

	



Charas, A.; Morgado, J.; Martinho, J.M.G.; Fedorov, A.; Alca, L. Excitation energy transfer and spatial exciton confinement in polyfluorene blends for application in light-emitting diodes. J. Mater. Chem. 2002, 23, 3523–3527. [Google Scholar] [CrossRef]

	



Kim, D.; Lee, T.; Lee, Y.; Watanabe, T. Experimental verification of Förster energy transfer and quantum resonance between semiconductor quantum dots. Curr. Appl. Phys. 2017, 18, S14–S20. [Google Scholar] [CrossRef]

	



Davesnne, C.; Zaini, A.; Labbě, C.; Frilay, C.; Porter, X. Energy transfer mechanism between terbium and europium ions zinc oxide and zinc silicates thin films. Thin Solid Film. 2014, 553, 33–37. [Google Scholar] [CrossRef]

	



Kiisk, V.; Tamm, A.; Utt, K.; Kozlova, J.; Mändar, H.; Puust, L.; Aarik, J.; Sildos, I. Photoluminescence of atomic layer deposited ZrO2:Dy3+ thin films. Thin Solid Film. 2015, 583, 70–75. [Google Scholar] [CrossRef]

	



Murphy, C.B.; Zhang, Y.; Troxler, T.; Ferry, V.; Martin, J.J.; Jones, W.E. Probing Förster and Dexter energy-transfer mechanisms in fluorescent conjugated polymer Chemosensors. J. Phys. Chem. B 2004, 108, 1537–1543. [Google Scholar] [CrossRef]

	



Ling, Q.; Yang, M.; Zhang, W.; Lin, H.; Yu, G.; Bai, F. PL and EL properties of a novel Eu-containing copolymer. Thin Solid Film. 2002, 417, 127–131. [Google Scholar] [CrossRef]

	



Wong, K.F.; Bagchi, B.; Rossky, P.J. Distance and orientation dependence of excitation transfer rates in conjugated systems:beyond the Förster theory. J. Phys. Chem. A 2004, 108, 5752–5763. [Google Scholar] [CrossRef]

	



Matvienko, O.O.; Savin, Y.N.; Kryzhanovska, A.S.; Vovk, O.M.; Dobrotvorska, M.V.; Pogorelova, N.V.; Vashchenko, V.V. Dispersion and aggregation of quantum dots in polymer-inorganic hybrid films. Thin Solid Film. 2013, 537, 226–230. [Google Scholar] [CrossRef]

	



Al-Asbahi, B.A.; Alsalhi, M.S.; Al-Dwayyan, A.S.; Haji Jumali, M.H. Förster-type energy transfer mechanism in PF2/6 to MEH-PPV conjugated polymers. J. Lumin. 2012, 132, 386–390. [Google Scholar] [CrossRef]

	



Stryer, L. Fluorescence energy transfer as a spectroscopic ruler. Annu. Rev. Biochem. 1978, 47, 819–846. [Google Scholar] [CrossRef]

	



Tovstun, S.A.; Martyanova, E.G.; Brichkin, S.B.; Spirin, M.G.; Gak, V.Y.; Kozlov, A.V.; Razumov, V.F. Förster electronic excitation energy transfer upon adsorption of meso-tetra(3-pyridyl)porphyrin on InP@ZnS colloidal quantum dots. J. Lumin. 2018, 200, 151–157. [Google Scholar] [CrossRef]

	



Chen, X.; Wan, H.; Li, H.; Cheng, F.; Ding, J.; Yao, B.; Xie, Z.; Wang, L.; Zhang, J. Influence of thermal annealing temperature on electro-optical properties of polyoctylfluorene thin film: Enhancement of luminescence by self-doping effect of low-content a phase crystallites. Polymer 2012, 53, 3827–3832. [Google Scholar] [CrossRef]

	



Chew, K.W.; Rahim, N.A.A.; Teh, P.L.; Hisam, N.S.A.; Alias, S.S. Thermal Degradation of Photoluminescence Poly(9, 9-dioctylfluorene) Solvent-Tuned Aggregate Films. Polymers 2022, 14, 1615. [Google Scholar] [CrossRef] [PubMed]

	



Lu, H.H.; Liu, C.Y.; Chang, C.H.; Chen, S.A. Self-Dopant Formation in Poly(9, 9-di-n-octylfluorene) Via a Dipping Method for Efficient and Stable Pure-Blue Electroluminescence. Adv. Mater. (Weinh. Ger.) 2007, 19, 2574–2579. [Google Scholar] [CrossRef]

	



Niu, X.; Zhang, B.; Xie, Z.; Cheng, Y.; Wang, L. Balanced charge transport and enhanced white electroluminescence from a single white emissive polymer via thermal annealing. Appl. Phys. Lett. 2010, 96, 073303. [Google Scholar] [CrossRef]

	



Donley, C.L.; Zaumseil, J.; Andreasen, J.W.; Nielsen, M.M.; Sirringhaus, H.; Friend, R.H.; Kim, J.S. Effects of packing structure on the optoelectronic and charge transport properties in poly(9, 9-di-n-octylfluorenealt-benzothiadiazole). J. Amer. Chem. Soc. 2005, 127, 12890–12899. [Google Scholar] [CrossRef]

	



Kreouzis, T.; Poplavskyy, D.; Tuladhar, S.M.; Campoy-Quiles, M.; Nelson, J.; Campbell, A.J.; Bradley, D.D.C. Temperature and field dependence of hole mobility in poly(9, 9-dioctylfluorene). Phys. Rev. B 2006, 73, 235201–235215. [Google Scholar] [CrossRef]

	



Voigt, M.; Chappell, J.; Rowson, T.; Cadby, A.; Geoghegan, M.; Jones, R.A.L.; Lidzey, D.G. The interplay between the optical and electronic properties of light-emitting-diode applicable conjugated polymer blends and their phase-separated morphology. Org. Electron. 2005, 6, 35–45. [Google Scholar] [CrossRef]








[image: Nanomaterials 12 04099 g001 550] 





Figure 1. The structure of (a) the monolithic blend films, (b) the OLED devices, and (c) the energy levels of PFO, F8BT, and SPR, which form the blend films, and of the sequential layers of the OLED devices. 
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Figure 2. (a) The real and (b) imaginary part of the dielectric function versus photon energy of the pristine polymers and the two representative investigated blends, Binary#1 and Ternary#1. The dielectric function of the as-grown and annealed (c) Binary#1 and (d) Ternary#1. 
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Figure 3. Comparison of the absorption spectra obtained by UV–vis AS (left axis, solid-symbol lines) and the absorption coefficients determined using SE (right axis, dashed lines) of pristine SPR, F8BT, and PFO. 
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Figure 4. The spectrum overlapped between (a) PFO and F8ΒΤ, (b) PFO and SPR, and (c) F8BT and SPR. (d) The overall correlation between the absorption coefficients of the SPR and F8BT components with the PL emissions of PFO, F8BT, and SPR. (e) The correlation of Absorbance and PL emission of the as-grown and annealed PFO films and the respective absorption coefficients in the inset. 
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Figure 5. Normalized PL spectra of the (a) as-grown, (b) thermally treated PFO/SPR binary blends and (c) as-grown, (d) thermally treated PFO/F8BT/SPR ternary blends. PL emission spectra of all pristine films are also plotted for comparison. 
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Figure 6. The evolution of PL emission of the Binary#1 (a) as-grown and (b) annealed and of the Ternary#1 (c) as-grown and (d) annealed films, with the excitation wavelength λexc. 
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Figure 7. Normalized EL spectra of the (a) as-grown, (b) thermally treated PFO/SPR binary blends and (c) as-grown, (d) thermally treated PFO/F8BT/SPR ternary blends. 
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Figure 8. CIE diagrams of (a) PL and (b) EL emissions of the studied binary and ternary blend films. 
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Table 1. Blend weight ratios and code-names.
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Blend Type

	
Blend Code




	
Binary#1

	
Binary#2

	
Binary#3

	
Ternary#1

	
Ternary#2

	
Ternary#3






	
PFO:SPR

	
95:5

	
97.5:2.5

	
99:1

	

	

	




	
PFO:F8BT:SPR

	

	

	

	
97:2.5:0.5

	
98:1.5:0.5

	
99:0.5:0.5
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Table 2. SE results for the as-grown and thermally treated pristine films and representative binary and ternary blends.
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Material/Blend Type

	
Thickness

d (nm)

	
    E g      (eV)

	
    E g  T a u c       (eV)

	
    Δ E =   E g  T a u c   −  E g    

(eV)






	
SPR

	
as-grown

	
73.6

	
1.53

	
2.54

	
1.01




	
annealed

	
72.2

	
1.56

	
2.54

	
0.98




	
F8BT

	
as-grown

	
62.7

	
2.36

	
2.55

	
0.19




	
annealed

	
61.7

	
2.36

	
2.55

	
0.19




	
PFO

	
as-grown

	
46.9

	
2.87

	
3.06

	
0.19




	
annealed

	
48.0

	
2.88

	
3.07

	
0.19




	
Binary#1

	
as-grown

	
48.3

	
2.88

	
3.07

	
0.19




	
annealed

	
56.5

	
2.79

	
3.04

	
0.25




	
Ternary#1

	
as-grown

	
46.3

	
2.88

	
3.05

	
0.17




	
annealed

	
38.5

	
2.76

	
2.97

	
0.21
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Table 3. The electrical–operational characteristics of fabricated OLED devices.
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Blend Type/

Treatment

	
Turn-on Voltage (V)

at 10 cd/m2

	
V at Max Luminance (V)

	
Max Luminance (cd/m2)

	
CRI

	
x

	
y






	
Binary#1

	
as-grown

	
5.5

	
12

	
1033

	
94

	
0.474

	
0.436




	
annealed

	
6.0

	
12

	
830

	
57

	
0.388

	
0.259




	
Binary#2

	
as-grown

	
3.5

	
12

	
1038

	
94

	
0.460

	
0.424




	
annealed

	
6.5

	
12

	
721

	
64

	
0.369

	
0.269




	
Binary#3

	
as-grown

	
6.0

	
12

	
561

	
95

	
0.479

	
0.419




	
annealed

	
6.5

	
12

	
401

	
50

	
0.273

	
0.194




	
Ternary#1

	
as-grown

	
3.0

	
13

	
7474

	
44

	
0.339

	
0.557




	
annealed

	
4.0

	
11

	
7849

	
62

	
0.290

	
0.415




	
Ternary#2

	
as-grown

	
3.5

	
14

	
9838

	
49

	
0.345

	
0.560




	
annealed

	
3.0

	
12

	
3614

	
72

	
0.275

	
0.346




	
Ternary#3

	
as-grown

	
3.5

	
14

	
3321

	
74

	
0.250

	
0.300




	
annealed

	
2.0

	
14

	
3184

	
70

	
0.282

	
0.360
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