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[bookmark: _Hlk102738753][bookmark: _Hlk101202644]Abstract: Solution-processed quantum-dot light-emitting diodes (QLEDs) are attractive owing to high color purity and low-cost fabrication for large-area display panels, but the inferior carrier mobility of the organic polymer hole transport layer (HTL) seriously suppresses the improvement in their efficiency. Here, we devise a high carrier mobility HTL, which is achieved by doping poly(9-vinylcarbazole) (PVK) into poly[(9,9-dioctylfluorenyl-2,7-dily)-alt-(4,4ˈ-(N-(4-butylphenyl)] (TFB). The hole mobility is increased from 1.08×10-3 to 2.09×10-3cm2·V-1·S-1 due to the increased π-π stacking intensity. The highest occupied molecular orbital energy level is also downshifted to achieve well energy matching between the HTL and QDs, thus accelerating the hole transfer capability and balancing the electron injection within the QLED. In addition, the doped HTL shows a non-planar structure, which reduces the total internal reflection in the device. Consequently, the QLEDs present a high external quantum efficiency of 22.7%, luminance efficiency of 35.8 lm·W-1, and long-term continuous operation stability T95 >2,400 h at 1000 cd m-2.

Introduction
Solution-processed quantum dot light-emitting diodes (QLEDs) have shown great promising for the large area display panels owing to high purity emission color, low turn-on voltages, and low-cost solution-fabrication [1-7]. Since the QLEDs were first reported in 1994 [8], fast progress and significant achievements have been made in this field owing to the strategies of QDs modification and device structure optimization [9-12]. To date, the external quantum efficiencies (EQEs) of the state-of-the-art QLEDs are more than 20%, approaching to the conventional LEDs prepared by metal organic chemical vapor deposition (MOCVD) [13-15].
In spite of this, the unbalanced carriers (electrons and holes) injection still is a severe issue that suppresses the efficiency improvement of the QLEDs, because the carrier mobility of the typical organic-based hole transport layer (HTL) is much lower than that of the ZnO inorganic electron transport layer (ETL). To address this problem, some metal elements are doped into ZnO to regulate its bandgap and work function for suppressing electrons injection rate, thus improving the carrier injection balance within the devices [16-18]. The other strategy is to slow down electron injection rate by inserting an insulator layer between the ETL and the QDs layer [13, 19]. Suppressing electrons injection rate will sacrifice the current efficiency of the devices, because the electrons cannot be fully converted to excitons or photons. Differently, boosting the hole mobility and transfer rate of HTL is an ideal way to construct high efficiency QLEDs.
Herein, we devise a fast carrier mobility HTL by doping poly(9-vinylcarbazole) (PVK) into poly[(9,9-dioctylfluorenyl-2,7-dily)-alt-(4,4ˈ-(N-(4-butylphenyl)] (TFB). The hole mobility of doped TFB (P-TFB) HTL was increased from 1.08×10-3 to 2.09×10-3cm2·V-1·S-1, which is attributed to the increased π-π stacking intensity. Meanwhile, the highest occupied molecular orbital (HOMO) energy level of the P-TFB is reduced to achieve well energy matching between the HTL and QDs. The increased hole mobility and downshifted HOMO of the P-TFB enhance the hole transfer capability and balance with the electron injection within the QLED. In addition, the non-planar structure of the P-TFB HTL decreases the total internal reflection in the device . As a result, the QLEDs present a high external quantum efficiency of 22.7% and luminance efficiency of 35.8 lm·W-1. The device also showed excellent operation stability, the T95 (the time required for the luminance decrease to 95% of the initial value) is up to 2438 h at 1000 cd m-2.

Results and discussion
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Figure 1 Formation and characteristics of the P-TFB. (a) Chemical structures of the polymer TFB and PVK. (b) Schematic diagram of the preparation process of the P-TFB. (c) The absorption spectra, (d) FTIR spectroscopy spectra and (e) GIXRD spectra of the TFB and P-TFB films, the incidence angle is 0.15°. (f) I-V characteristics of ITO/HTLs/Ag.

[bookmark: OLE_LINK8]Figure 1a shows the chemical structure of the polymer TFB and PVK. The P-TFB was obtained by mixing the two polymers chlorobenzene solution (Figure 1b, and Figure S1a, b). As shown in Figure 1c, the absorption peaks at 394 nm and 345 nm wavelengths of the P-TFB film correspond to the characteristic absorption of TFB and PVK, respectively [20-23]. As shown in Figure S1c, as the doping amount of PVK in the P-TFB solution increases, the intensity of the absorption peak at 345 nm wavelength increases, further demonstrating the absorption peak at 345 nm wavelength is from PVK. The same variation trend is found in the P-TFB films prepared by spin-coating the P-TFB solution on the substrates (Figure S1d). The Fourier transform infrared (FTIR) spectra were performed to analyze the components of the P-TFB. As shown in Figure 1d and Figure S1e, the band between 3,000-2,800 cm-1 can be assigned to the stretching vibrations of the C-H bonds from the saturated hydrocarbon chains of TFB and PVK [24]. The bands centered at 1,600, 1,509, and 1,460 cm-1 can be assigned to the C＝C ring stretching of the triphenylamine moieties. The band centered at 1,260 cm-1 represents the CN stretching from tertiary amine. The band at 815 cm-1 is assigned to the C-H out-of-plane vibration from 1,4-disubstituted benzene rings [25]. This indicates that the main functional groups in the TFB and the PVK have been kept in the P-TFB, without the breaking and recombining of the chemical bonds. To further understand the crystallinity changes that occur after doping of PVK, grazing incidence X-Ray diffraction (GIXRD) measurement was performed on the films. As shown in Figure 1e, the TFB and P-TFB show obvious broad, diffused, and strong amorphous peaks at about 25°. The peak intensity of the P-TFB shows a significant increase compared with the TFB. The calculation of the integral peak area shows that the peak area of the P-TFB at about 25° (40, 165) is larger than that of the TFB (35, 805). The signal peak at around d = 3.59 Å (25°) corresponds to the π-π stacking peak. The increased peak intensity and peak area for the P-TFB indicates the enhanced π-π stacking intensity, which would boost the carrier mobility [26-28]. We speculate that there exists coherent charge transport in the P-TFB due to the improved π-π stacking, namely band-like transport, which is different from the hopping transport in conductive polymers. Band-like carriers exhibit superior charge transport characteristics due to their extended wave function [29, 30]. To verify this, the I-V characterizations of the device based on different HTLs with a structure of ITO/HTL/Ag were measured as shown in Figure 1f and Figure S1f. The slope of the P-TFB first increases and then decreases with the increase of the doping amount of PVK in the P-TFB. When the doping content is 10 %, the slope reaches the maximum value (Figure S1f), demonstrating the highest conductivity. The conductivity of the TFB and P-TFB (with doping content of 10%) are 3.27×10-6 S·cm-1 and 4.79×10-6 S·cm-1, respectively, as calculated from the conductivity calculation formula. This indicates the carrier mobility of the P-TFB is enhanced by doping PVK, which is attributed to the enhanced π-π stacking intensity.
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Figure 2 Electronic properties of the TFB and P-TFB. UPS spectra of (a) the secondary-electron cutoff (Ecutoff), (b) valence-band edge regions (Eonset) and (c) energy band alignments. (d) The structure of the HOD. The electrical transportation is demonstrated by the current density versus voltage curves of the HOD based on (e) the TFB and (f) the P-TFB.

To demonstrate the holes transportation ability, the electronic structures of the TFB and P-TFB HTLs were characterized by ultraviolet photoelectron spectroscopic (UPS). Figure S2a exhibits the absorption spectra of the TFB and P-TFB films. The optical bandgaps are extracted to be 2.87 eV for the TFB and 2.89 eV for the P-TFB. Figure 2a, b exhibit the secondary electron cutoff (Ecutoff) regions and the valance band onset (Eonset) regions for the TFB and P-TFB films (the blue line and the red line, respectively). The work function (WF) value was calculated from the difference between the incident light energy of 21.2 eV and Ecutoff value. The WF values are 4.20 eV for the TFB HTL and 4.33 eV for the P-TFB HTL. The HOMO is calculated from the equation (1) [17]:
HOMO = 21.2 － (Ecutoff － Eonset)                                       (1)
[bookmark: OLE_LINK4]The HOMO values are 5.29 eV for the TFB HTL and 5.36 eV for the P-TFB HTL as displayed in Table S1. A 0.07 eV decrease of the HOMO for the P-TFB can be found. The energy band alignments of the TFB and P-TFB HTLs drawn from the absorption and UPS results are shown in Figure 2c. According to the diagram, the P-TFB exhibits a deeper lowest unoccupied molecular orbital (LUMO) and HOMO compared with the TFB. The HOMO of the P-TFB HTL is much closer to the valance band maximum (VBM) of the QDs layer, indicating a smaller energy barrier during the hole transfer from the HTL layer to the QDs layer. Meanwhile, a narrower difference between LUMO and Fermi-level (EF) for the P-TFB than for the PVK indicates the increased hole concentration [17]. The hole-only devices (HODs) were prepared as shown in Figure 2d. The electrical properties of the HTLs were analyzed using HOD as displayed in Figure 2e, f. For the two HODs, the hole current increases as the voltage increases, indicating the increased hole injection and transfer efficiency with increase of voltage. The hole mobility of the HTLs can be obtained by fitting the space-charge-limited-current region with the child’s law (2) [31]:
J =                                                          (2)
where J is the current density, εr is the relative permittivity, ε0 is the vacuum permittivity, μh is the hole mobility, and d is the film thickness. The εr for the HTLs is estimated to be 3.5 [32]. μh for the TFB and P-TFB are calculated to be 1.08×10-3 and 2.09×10-3cm2·V-1·S-1, respectively (Table S2), indicating that the higher hole mobility of the P-TFB HTL is than that of the TFB HTL. This is in accord with the results of Figure 1f. The increased hole mobility and decreased barrier energy would accelerate holes transfer from HTL to QDs, and promote holes transport in the QLEDs, thus matching with electrons mobility of the QLEDs [33-35].
Figure 3a shows the energy level of the layers in the QLEDs, including layers of the indium-tin-oxide (ITO), HTL, CdSe@ZnS QDs, ZnMgO (MZO) ETL, and metal cathode of Ag. As shown in the diagram, the P-TFB has deeper LUMO and HOMO than the TFB, which is benefit for the hole transportation. The solutions of CdSe@ZnS QDs with photoluminescence quantum yield (PLQY) of ~ 90 % were used as the emitting layer in the device. The corresponding cross-sectional scanning transmission electron microscopy (STEM) image of the device shows clear boundaries between each layer as shown in Figure 3b. The corresponding energy-dispersive X-ray spectroscopy (EDS) elemental analysis shows uniform distributions of Ag, Zn, Cd, Se, S, and Sn elements in the different layers and clear boundaries between each layer (Figure S3). The device performance of the QLEDs based on two different HTLs are shown in Figure 3c, d. It can be seen that at low voltage below 2.6 V, the current density of the P-TFB based device is lower than that of the TFB based device, which represents a much lower leakage current density in the P-TFB based device because of its high shunt resistance. The current density and luminance of the P-TFB based device are higher than those of the TFB based device when the voltage > 2.6 V, indicating the higher electro-optic conversion efficiency in the P-TFB based device [36]. At the luminance of 10,000 cd cm-2, the voltage for the QLEDs based on P-TFB HTL is 3.3 V, less than that for the QLEDs based on TFB HTL (3.6 V), indicating the reduction of the hole injection barrier in the P-TFB based device [37]. Accordingly, the device based on P-TFB HTL displays a high EQE of 22.7 %, higher than that of the device based on the TFB HTL (17.6%) (Figure 3d). The current density as a function of the electric field (Figure 3e) shows that the highest current efficiency of the device based on P-TFB HTL is 29.3 cd A-1, which is much higher than that of the TFB based device (23.2 cd A-1), further demonstrating the higher electro-optic conversion efficiency in the P-TFB based device. The enhanced current efficiency would be attributed to the improved charge balance in the device, due to the energy level matching well between the P-TFB HTL and QDs (Figure 3a), and the increased hole mobility (Figure 2e and Figure 2f) of the P-TFB HTL. 
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[bookmark: OLE_LINK1]Figure 3. Performances of QLEDs. (a) Band structure of the QLEDs. (b) Cross-sectional STEM image of the device. (c) Current density and luminance as a function of voltage. (d) EQE as a function of luminance. (e) Current efficiency as a function of the electric field for the QLEDs. (f) EL spectra as a function of the voltage at 5V and the corresponding (g) CIE coordinates. (h) EQEs measured from 35 devices for QLEDs based on TFB and P-TFB HTLs. (i) Stability data for the QLED devices.

Figure 3f shows electroluminescence (EL) spectra of the QLEDs under a voltage of 5 V. As shown in the spectra, the emission intensity of the P-TFB based device is higher than that of the TFB based device at the same voltage, further demonstrating the improved current efficiency. Figure 3g displays the Commission Internationale de I’Eclairage (CIE) coordinates of the QLEDs, displaying purity red emission at 628 nm with (0.68, 0.32) CIE coordinates. Our work exhibits good reproducibility as displayed by the histogram of the EQE from 35 devices (Figure 3h). The average EQEs of the QLEDs based on TFB HTL and P-TFB HTL are 16.52 % and 20.67 %, respectively. The operational stability of the devices based on the TFB and P-TFB HTLs were evaluated at an initial luminance of 20,950 and 20,880 cd m-2, under a constant driving current density of 120 and 130 mA cm-2, respectively. The lifetime of T95 for the device based on TFB HTL and P-TFB HTL are 9.3 and 10.2 h, respectively. The T95 for the devices based on TFB and P-TFB HTLs at 1000 cd m-2 were estimated to be 2,228 and 2,438 h, respectively, by assuming the acceleration factor of 1.8 [38] (Figure 3i). Although the operational lifetimes of the two devices are almost same, the variation of the driving voltage for the device based on the P-TFB is smaller than that for the device based on TFB, which is attributed to the balanced carrier injection and increased current efficiency.
[bookmark: OLE_LINK3]The atomic force microscope (AFM) images show a flat structure for the TFB film with a small root-mean-square (RMS) value of 0.42 nm (Figure 4a). The P-TFB film shows an interesting  an arrangement of the non-isometric cones, and an RMS value of 5.73 nm (Figure 4b). The non-planar structure of the P-TFB may have a positive effect on the device performance improvement based on the previous report [39]. The normalized EL intensity based on the TFB and P-TFB HTL was measured as a function of the viewing angles of the light between 0 - 90 ° as shown in Figure 4c. Within an angle of 15 - 45 °, the device based on the P-TFB shows the side-enhanced emission intensity compared with the device based on the TFB and the ideal Lambertian distribution of the device. This suggests the light redistributing to wide angle. In view of the previous work, the majority of the light generated in the device is waveguided because of the critical angle of total internal reflection [40]. The non-planar structure of HTL can effectively change the direction of the light generated in the QDs emitting layer, thus reducing the total internal reflection in the device [41-43].  This also contributes the enhancement in the luminance of the QLED.
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[bookmark: OLE_LINK2][bookmark: OLE_LINK5]Figure 4 Characteristics of the HTL. (a, b) AFM images of the TFB and the P-TFB films. (c) Normalized EL spectra with different viewing angles. 

Conclusions
In summary, we devised high carrier mobility HTL by doping PVK into TFB. The hole mobility of the doped HTL for P-TFB exhibited increased hole mobility due to enhanced π-π stacking intensity. Thus, the hole mobility was increased from 1.08×10-3 to 2.09×10-3cm2·V-1·S-1. Meanwhile, the P-TFB showed a little downshift of HOMO level, resulting in the decreased barrier energy between the HTL and QDs. The increased hole mobility of the HTL and decreased charge transfer barrier energy can accelerate hole transfer capability to balance with the electron injection within the QLED, thus increasing the current efficiency. In addition, the non-planar structure of the P-TFB HTL reduces the total internal reflection in the device. Therefore, the QLEDs based the doped HTL presented high EQE of 22.7%, luminance of 133100 cd·cm-2, current efficiency of 29.3 cd·A-1, power efficiency of 35.8 lm·W-1, and long-term continuous operation stability T95 >2,400 h at 1000 cd m-2.
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