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Abstract

:

Here, we report the hole injection role of p-type conjugated polymer layer in phosphorescent organic light-emitting devices (OLEDs). Poly(3-hexylthiophene) (P3HT) nanolayers (thickness = ~1 nm thick), which were subjected to thermal annealing at 140 °C by varying annealing time, were inserted between indium tin oxide (ITO) anodes and hole transport layers (N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine, NPB). The 1 nm-thick P3HT layers showed very weak absorption in the visible light range of 500~650 nm. The device results disclosed that the presence of P3HT layers were just able to improve the charge injection of OLEDs leading to an enhanced luminance irrespective of thermal annealing condition. The highest luminance and efficiency were achieved for the OLEDs with the P3HT layers annealed at 140 °C for 10 min. Further annealing for 30 min resulted in turn-down of device performances. The emission color was almost unchanged by the presence of P3HT layers even though the color coordinates were marginally fluctuated according to the annealing time. The present result delivers the possibility to use p-type conjugated polymers (i.e., P3HT) as a hole injection layer in OLEDs.
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1. Introduction


Since the first report on organic multilayer structures, organic light-emitting devices (OLEDs) have been extensively studied and now successfully commercialized for various applications such as smart phones, smart watches, television sets, etc. [1,2,3,4,5,6,7,8,9,10]. The successful commercialization of OLEDs can be ascribed to advances in organic semiconducting materials for both emission and charge transport layers [11,12,13,14,15,16,17,18]. In particular, optimization of device structures including the thickness of organic multilayers have greatly improved the performance of OLEDs [19,20,21,22]. In terms of efficiency, phosphorescent emitters such as iridium-based small molecules, for example, tris(2-phenylpyridine)iridium(III) (Ir(ppy)3), contributed to effectively harnessing triplet excitons for visible light emission [23,24,25]. In addition, the approach of delayed fluorescence opened new gate toward high efficiency using fluorescent organic materials only [26,27,28,29,30].



However, the recently commercialized OLED displays consist of organic small molecules and are fabricated using thermal evaporation processes in a vacuum [31,32,33]. Therefore, the manufacturing cost of conventional OLEDs is high because of the expensive vacuum systems [34,35,36]. In addition, practical roll-to-roll processes, which are considered one of the most effective and competitive processes for organic devices compared to inorganic devices, cannot be utilized owing to such vacuum systems [37,38,39,40]. Accordingly, extensive studies have been carried out for solution-processed OLEDs by employing ink-jet printing processes [41,42,43].



For solution processes of OLEDs, all organic layers should be coated by wet-coating methods using soluble organic materials [44,45,46]. As the first hole injection layer that is typically coated on transparent indium tin oxide (ITO) electrodes, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has been widely used for the last three decades [47,48,49]. However, it has been reported that the strong acidity of PEDOT:PSS can reduce the operation stability of OLEDs [50,51]. This consideration motivates development of various materials including copper thiocyanate (CuSCN) with good organic solvent resistance and high hole conductivity [52]. In particular, conjugated polymer-based electrolytes have been also studied as a hole injection layer [53,54,55]. However, less attention has been relatively paid to neutral conjugated polymers, which possess p-type semiconductor characteristics, as a hole injection layer in OLEDs.



In this work, we have attempted to use p-type conjugated polymer, well-known poly(3-hexylthiophene) (P3HT), as a hole injection layer for phosphorescent OLEDs. The major benefit of P3HT as a hole injection layer can be attributed to its highest occupied molecular orbital (HOMO) energy level (ca. −5.1 eV) that can effectively reduce the energy barrier of hole injection from indium tin oxide (ITO) anode (work function: ca. −4.8 eV) to hole transport layers (HOMO energy: ca. −5.4 eV typically), whereas the demerit of P3HT can be assigned to a possible absorption of visible light from OLEDs [56]. To minimize the adverse effect of absorbing electroluminescence from emission layers by the P3HT layers, the thickness of P3HT layers was controlled as low as possible (ca. 1 nm). The annealing temperature for the P3HT layers was set to 140 °C, which is slightly higher than the glass transition temperature (Tg) of P3HT (ca. 110 °C) [57]. To briefly investigate the thermal annealing effect, the P3HT layers were annealed at 140 °C by varying the annealing time. Results showed that the performance of OLEDs was certainly improved by introducing the P3HT layers between anodes and hole transport layers. In particular, the luminance and efficiency of devices were significantly enhanced by thermal annealing at 140 °C for 10 min.




2. Materials and Methods


2.1. Materials and Solutions


The P3HT polymer (weight-average molecular weight = 30 kDa, polydispersity index = 1.7, regioregularity > 96%) was used as received from Rieke Metals (Lincoln, Dearborn, MI, USA). N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine (NPB), 4,4′-bis(carbazol-9-yl)biphenyl (CBP), tris(2-phenylpyridine)iridium(III) (Ir(ppy)3), and 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were purchased from Luminescence Technology Corp.(New Taipei city, Taiwan) and used without further purification. The P3HT solutions were prepared using chlorobenzene (CB) as a solvent at a solid concentration of ca. 1 mg/mL.




2.2. Device and Film Fabrication


To fabricate OLEDs, indium-tin oxide (ITO)-coated glass substrates were subjected to photolithography processes for patterning the ITO electrode (size = 8 × 12 mm). The patterned ITO-coated glasses were cleaned with acetone and isopropyl alcohol by utilizing an ultrasonic bath, followed by treating under UV-ozone (UVO) for 20 min (AH1700, 23 mW/cm2). On top of the UVO-treated ITO-glass substrates, the P3HT solutions were spun for 30 s at 1500 rpm and thermally annealed at 140 °C for 10 min and 30 min individually in an argon-filled glove box. The thermally treated P3HT-coated ITO-glass samples were mounted on a metal shadow mask and moved into a vacuum chamber system inside the argon-filled glove box. Note that the UVO-cleaned ITO-glasses without the P3HT layers were also mounted on the same metal shadow mask. When the base pressure of chamber reached ~1.0 × 10−6 torr, the NPB layer (thickness = 20 nm) was first deposited on the P3HT-coated ITO-glass substrates by thermal evaporation process. Next, NPB, CBP, Ir(ppy)3, and TPBi were sequentially evaporated to make multilayers. Finally, lithium fluoride (LiF) and aluminum (Al) were thermally evaporated to form electron injection layers and electrodes. The layer thickness of NPB, CBP, Ir(ppy)3, TPBi, LiF, and Al was 20, 37.6, 2.4, 40, 1, and 95 nm, respectively. All devices were stored inside the same glove box and loaded into a sample holder that is charged with argon for measurements.




2.3. Measurements


The optical absorption spectra of film samples were measured using a UV-visible spectrometer (Lambda 750, PerkinElmer). A surface profiler (DektakXT-E, Bruker) was used to measure the thickness of organic films and Al electrodes. The performances of OLEDs were measured using an OLED measurement system equipped with an electrometer (Keithley 2400) and spectroradiometers (PR650, PhotoResearch). The International Commission on Illumination (CIE) coordinates of emission color were automatically obtained from the PR650 system.





3. Results and Discussion


As shown in Figure 1a, the present OLEDs were fabricated with organic multilayers between the ITO and LiF/Al electrodes. Here, the P3HT layers are designed to play a hole injection role at the interfaces between the NPB layers and the ITO anodes. As illustrated in Figure 1b, the HOMO energy level of P3HT (5.1 eV) is expected to act as a bridge for mild hole injection from the ITO electrode to the NPB layer. The injected holes can transport through the NPB layer and reach the emission layer (CBP:Ir(ppy)3), while the injected electrons from the Al electrode via the LiF layer transport through the TPBi layer to the emission layer. It is noted that the TPBi layer does a hole blocking role in addition to the electron transport. The recombination of these holes and electrons results in the emission of green light. As observed from Figure 1c, the P3HT layer absorbs photons in the wavelength range of ca. 450~650 nm which corresponds to the electroluminescence (EL) range of emission layer in the present devices. However, it is regarded that the P3HT layer may very slightly absorb the green light emitted from the emission layer because the thickness (t) of P3HT layers is only ca. 1 nm (see the absorbance value in Figure 1c). Here it is worthy to note that the 1 nm-thick P3HT layers were well coated and covered all the area of the ITO-glass surfaces (see the inset photographs in Figure 1c).



The electrical and light emission characteristics of OLEDs were measured as shown in Figure 2. The current density-voltage (J–V) curves disclose that the insertion of P3HT layers could increase the current density of devices irrespective of annealing time. A close look into the J–V curves finds that the highest current density at 20 V was measured in the case of thermal annealing at 140 °C for 10 min. However, further annealing for 30 min resulted in the turn-down of current density despite still higher than the current density of reference device (without any P3HT layer). The luminance–voltage (L–V) curves in Figure 2b show that the highest luminance (7850 cd/m2 at 20 V) could be achieved in the case of thermal annealing (P3HT) for 10 min. However, the luminance (5900 cd/m2 at 20 V) was slightly lowered by further annealing (for 30 min). It is noted that the luminance was obviously higher for the OLED with the unannealed P3HT layer (0 min-OLED) than the reference device (REF-OLED), which is clearly observed from the luminance–current density (L–V) curves in Figure 2c. This result indicates that the performance of OLEDs could be improved by the presence of the 1 nm-thick P3HT layers.



To understand the effect of thermal annealing on the P3HT layers, the efficiency of OLEDs was plotted as shown in Figure 3. As observed from Figure 3a, over the entire luminance range, the current efficiency (CE) was higher for the OLEDs with the P3HT layers annealed at 140 °C than REF-OLED. Although the P3HT layer was unannealed, the current efficiency was noticeably improved from REF-OLED. Here, it is worthy to note that the highest current efficiency was measured for the OLED with the P3HT layer annealed at 140 °C for 30 min (30 min-OLED) at a low luminance range below ca. 680 cd/m2. However, as the luminance increased, the current efficiency of 30 min-OLED was quickly decreased and lower than that of the OLED with the P3HT layer annealed at 140 °C for 10 min (10 min-OLED), even though its level is still higher than REF-OLED and 0 min-OLED. The similar trend was observed for the luminous efficiency (LE) in Figure 3b. Here it is noted that the highest current efficiency and luminous efficiency at a high luminance range (>1000 cd/m2) were achieved by thermal annealing at 140 °C for 30 min. The present efficiency trend supports that the P3HT layers actually act as a hole injection layer and improve the performance of OLEDs.



For the detailed investigation, the efficiency of OLEDs at three different luminance levels was compared according to the annealing time. As shown in Figure 4a, the current efficiency of REF-OLED was 2.63 cd/A at 100 cd/m2 but it was noticeably increased to 6.66 cd/A at 100 cd/m2 for 0 min-OLED. The thermal annealing process at 140 °C for 10 min and 30 min further increased the current efficiency (at 100 cd/m2) up to 8.39 cd/A and to 10.01 cd/A, respectively. The similar increase in current efficiency at 1000 cd/m2 was obtained for both 0 min-OLED and 10 min-OLED, but the current efficiency of 30 min-OLED was slightly lowered from that of 10 min-OLED. The current efficiency gap between 10 min-OLED and 30 min-OLED became larger at the much higher luminance (2500 cd/m2). The similar but slightly different trend was observed for the luminous efficiency due to the applied voltage contribution (see Figure 4b). In the case of 0 min-OLED and 10 min-OLED, the highest luminous efficiency was obtained at 100 cd/m2 even though the highest current efficiency was achieved at 1000 cd/m2.



Next, the electroluminescence (EL) spectra of devices were measured to investigate the influence of P3HT layers. As shown in Figure 5a, all the OLEDs at 100 cd/m2 delivered a maximum EL intensity at around 512 nm in the presence of shoulder at around 540 nm even though very small deviations can be found according to the thermal annealing time. The shape of EL spectra was almost unchanged at the higher luminance levels (1000 and 2500 cd/m2). This result informs that the green light emitted from the emission layer (CBP:Ir(ppy)3) was almost well maintained despite very small absorption by the 1 nm-thick P3HT layers (see the absorbance in Figure 1b).



As discussed above, there was very small deviations in the EL spectra even though overall spectral shape was very similar each other. Hence, further investigation was performed by employing the International Commission on Illumination (CIE) coordinates according to the thermal annealing time at different luminance levels. As plotted in Figure 6a, the CIE x coordinate at high luminance levels (1000 and 2500 cd/m2) was slightly decreased with the annealing time even though it was almost similar at 100 cd/m2. In contrast, the CIE y coordinate was randomly changed according to the annealing time. This result may reflect that the charge recombination zone in the emission layer could be marginally affected by the presence of P3HT layers because of variable hole injection capability according to the thermal annealing time. Considering the small deviation ranges of CIE x (0.295~0.297) and y (0.602~0.612) coordinates, it is regarded that actual EL color could not be significantly different each other as marked in the diagram of CIE color coordinates (see Figure 6b). Finally, the green light emission from devices was visually compared from the photographs taken at the same applied voltage (10 V). As shown in Figure 6c (left), it is obvious that the brightness is higher for 10 min-OLED than REF-OLED, which is in good agreement with the L–V curves in Figure 2b and supports the capability of P3HT as a hole injection layer for OLEDs. It is noted that the stability of 10 min-OLED was better than that of REF-OLED upon simple short-term light-on tests.




4. Conclusions


The devices with the 1 nm-thick P3HT layers, which are placed between the NPB layers and ITO electrodes, were fabricated to study the hole injection capability of P3HT in phosphorescence OLEDs. The 1 nm-thick P3HT layers could absorb a visible light between ca. 500 nm and 650 nm but their absorbance was as low as ca. 0.08 at a wavelength of 580 nm. The presence of P3HT layers could enhance the current density and luminance of devices irrespective of thermal annealing time. The highest current and luminous efficiency could be achieved by thermal annealing at 140 °C for 10 min, which is attributed to the more enhanced luminance than the improved current density by the annealed P3HT layers. In particular, the device performance was relatively lowered by thermal annealing for 30 min compared to 10 min, even though it was still better than the reference device without any P3HT layer. In spite of huge change in device efficiency, the EL spectra were almost similar in the presence of very marginal deviations according to the annealing time. The investigation with CIE color coordinates revealed that the CIE x coordinate values was gradually decreased with the annealing time, but random variations were measured for the CIE y coordinates. As a consequence, the resulting CIE x–y diagram could not give particular differences among the present OLEDs, indicative of almost unchanged emission color. The present work shows that the P3HT nanolayers can be applied as a hole injection layer in OLEDs, which are promising for manufacturing all solution-processed OLEDs in the near future.
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Figure 1. (a) Device configuration for the OLED with the P3HT layer and chemical structures. (b) Flat energy band diagram of OLED (note that the HOMO and LUMO energy levels of Ir(ppy)3 in the emission layer were marked as −5.1 eV and −2.9 eV, respectively). (c) Optical absorption spectra for ITO-glass (black lines) and P3HT layer-coated ITO-glass (red line) (see inset photographs). 
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Figure 2. Characteristics of OLEDs with the P3HT layers annealed at 140 °C for 0, 10, and 30 min: (a) current density–voltage (J–V) curves, (b) luminance–voltage (L–V) curves, and (c) luminance–current density (L–J) curves. Note that the OLED without any P3HT layer is marked as REF (reference device). 
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Figure 3. Efficiency as a function of luminance for the OLEDs with the P3HT layers annealed at 140 °C for 0, 10, and 30 min: (a) current efficiency (CE), (b) luminous efficiency (LE). Note that the OLED without any P3HT layer is marked as REF (reference device). 
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Figure 4. Comparison of efficiency at three different levels of luminance (L = 100, 1000, 2500 cd/m2) for the OLEDs with the P3HT layers annealed at 140 °C for 0, 10, and 30 min: (a) current efficiency (CE) as a function of annealing time, (b) luminous efficiency (LE) as a function of annealing time. Note that the OLED without any P3HT layer is marked as REF (reference device). 
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Figure 5. Electroluminescence (EL) spectra for the OLEDs with the P3HT layers annealed at 140 °C for 0, 10, and 30 min at three different levels of luminance (L): (a) 100 cd/m2, (b) 1000 cd/m2, (c) 2500 cd/m2. Note that the OLED without any P3HT layer is marked as REF (reference device). 
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Figure 6. (a) CIE x and y coordinate values as a function of thermal annealing time for the OLEDs with the P3HT layers annealed at 140 °C at three different levels of luminance (L = 100, 1000, 2500 cd/m2). (b) CIE color coordinate diagram from the x and y values at L = 1000 cd/m2 in (a): Note that the symbols pointed by the pink arrow overlap each other. (c) Photographs for the green light emission devices at 10 V: (left) comparison between REF-OLED and 10 min-OLED, (right) 10 min-OLED at 15 V. 
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