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Editorial on the Research Topic 
Advanced Nanomaterials for Light-Emitting Diodes and Solar Cells

Thanks to the outstanding optoelectronic properties, advanced nanomaterials have received increasing attention from both academia and industry (Liu et al., 2020). In recent years, intensive effort has been devoted to developing high-performance nanomaterials, which enables huge potential in wide optoelectronic applications (Kong et al., 2021; Niu et al., 2021), particularly for light-emitting diodes (LEDs) and solar cells (SCs). It is our great pleasure to introduce this Special Issue entitled “Advanced Nanomaterials for Light-Emitting Diodes and Solar Cells”. This Special Issue highlights the major significance of material-device research from different perspectives, combining both the modern experimental approaches and theoretical simulations. We present a collection of 10 featured articles from this exciting field that covers the emerging concepts, strategies and techniques of advanced nanomaterials for the development of LEDs and SCs.
Simplified organic LED (OLED) structure with feasible fabrication process plays a critical role in illumination. Xu et al. incorporated ultrathin non-doped emissive nanolayers (0.3 nm), demonstrating low efficiency roll-off and simple-structure OLEDs. Meanwhile, Xie et al. developed solution-processed blue thermally activated delayed fluorescence OLEDs with a narrow full-width at half-maximum of 32 nm by employing a molecule containing boron and nitrogen atoms as guest emitter, obtaining high color purity OLEDs. On the other hand, it is important to develop novel solution-processed hole injection materials for high-performance OLEDs. Zhu et al. synthesized the molybdenum disulfide quantum dots (MoS2 QDs) and demonstrated green phosphorescent OLEDs with hybrid poly (3,4-ethylenedioxythiophene)/poly (styrenesulfonate) (PEDOT:PSS)/QDs hole injection layer. The OLED with PEDOT:PSS/MoS2 hole injection layer exhibited a maximum current efficiency of 72.7 cd A−1, which is 28.2% higher than that of the OLEDs with single PEDOT:PSS, indicating an effective way to achieve the high efficiency OLEDs with sulfide QDs as the hole injection layer.
GaN-based LED is also a promising device for lighting and displays. Zhang et al. systematically investigated the effect of mesa size-reduction in InGaN/GaN LEDs in two lateral dimensions both experimentally and numerically, providing insights on device miniaturization. While Lu et al. fabricated and demonstrated strain-reduced micro-LEDs in various sizes and investigated the size effect on the optical properties and the indium concentration for the quantum wells. Their work provides the rules of thumb to achieve high power performance for micro-LEDs. On the other hand, Liu et al. prepared 2-inch free-standing GaN substrates with a thickness of ∼250 μm on double-polished sapphire substrates by employing a combined buffer layer prepared by hydride vapor phase epitaxy and the laser lift-off technique, giving a route for high-power GaN-based devices.
Global warming and climate change has motivated the community to search for practical sustainable energy sources to replace fossil fuels. SCs provide an effective approach to supply clean and inexhaustible energy. Yu et al. introduced a perylene diimide derivative (PDINO) in organic SCs, passivating the defects between tin oxide (SnO2) electron transporting layer (ETL) and the active layer. The power conversion efficiency of the PDINO-modified device was 14.9%, demonstrating a strategy of utilizing the organic-inorganic hybrid ETL to realize high-performance SCs. Besides, the thermoelectric effect that enable direct conversion between thermal and electrical energy was incorporated with SCs via heat management and light harvesting. Wang et al. reviewed the interfacial chemistry and electrical feature of various polymer-inorganic thermoelectric hybrid nanomaterials, and discussed the prospect and challenges of polymer-inorganic nanocomposites in the field of thermoelectric energy.
The investigation on luminescence materials and metal nanomaterials is an important complementary field to LEDs and SCs. Xiao et al. investigated the effect of substitution of BaF2 for BaO to improve spectroscopic properties in Tm3+ doped gallium tellurite glasses for efficient 2.0 μm fiber laser, indicating that Tm3+ doped gallium tellurite glasses containing BaF2 was an excellent host material. On the other side, gold nanomaterials can be used not only in optoelectronic fields but also the clinical arena in humans. Jin et al. reviewed the biomedical applications and molecular mechanism of gold nanomaterials in bone and cartilage tissue engineering, and presented the current challenges and future directions.
We would like to take this opportunity to thank all those who have contributed to this Special Issue and all referees for their insightful advice. In addition, we would like to thank Frontiers in Chemistry for their excellent editorial support. We hope that this Special Issue will intrigue the researchers worldwide and that future efforts will contribute to the nanomaterials research community.
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The effects of substitution of BaF2 for BaO on physical properties and 1. 8 μm emission have been systematically investigated to improve spectroscopic properties in Tm3+ doped gallium tellurite glasses for efficient 2.0 μm fiber laser. It is found that refractive index and density gradually decrease with increasing BaF2 content from 0 to 9 mol.%, due to the generation of more non-bridging oxygens. Furthermore, OH− absorption coefficient (αOH) reduces monotonically from 3.4 to 2.2 cm−1 and thus emission intensity near 1.8 μm in gallium tellurite glass with 9 mol.% BaF2 is 1.6 times as large as that without BaF2 while the lifetime becomes 1.7 times as long as the one without BaF2. Relative energy transfer mechanism is proposed. The maximum emission cross section and gain coefficient at around 1.8 μm of gallium tellurite glass containing 9 mol.% BaF2 are 8.8 × 10−21 cm2 and 3.3 cm−1, respectively. These results indicate that Tm3+ doped gallium tellurite glasses containing BaF2 appear to be an excellent host material for efficient 2.0 μm fiber laser development.

Keywords: gallium tellurite glass, Tm3+ doped, OH−, 1.8 μm emission, BaF2


INTRODUCTION

Over the past few decades, fiber lasers operating in eye-safe 2.0 μm spectral region have attracted a great deal of attention due to strong absorption band of several chemical compounds (H2O, CO2, N2O, etc.) in this region (Chen et al., 2010). Therefore, there are some potential applications in eye-safe laser radar, material processing, laser surgery, remote sensing and effective pump sources as mid-infrared lasers and optical parametric oscillators (Geng et al., 2011; Geng and Jiang, 2014; Slimen et al., 2019; Wang et al., 2019). Up to now, active ions for 2.0 μm laser have been mainly focused on Tm3+ and Ho3+ ions arising from [image: image] and [image: image] transition. Compared with Ho3+, Tm3+ owns very strong absorption band of [image: image] transition and thus can be effectively pumped by commercial high-power 808 nm laser diode. Under the pump scheme, a quantum efficiency of 200% can be expected from “two-for-one” cross relaxation process [image: image]) (Richards et al., 2010). In addition, broad emission bandwidth of [image: image] transition about 300 nm is advantageous to the generation of femtosecond pulse (Agger et al., 2004).

In pursuit of efficient 2.0 μm laser, different glass hosts have been extensively investigated and the laser operation has been demonstrated in silicate, fluoride, germanate and tellurite glasses (Richards et al., 2010; He et al., 2013; Wang et al., 2019). Among these glass hosts, tellurite glasses own a lot of advantage such as broad infrared transmission region, lower phonon energy, high rare-earth ion solubility, high refractive index (~2) and easy fabrication with low melting temperature(Richards et al., 2010). Recently, our groups have exploited several new tellurite glass systems such as TeO2-Ga2O3-BaO (TGB) and TeO2-Ga2O3-ZnO (TGZ) with excellent glass-forming ability, thermal stability and 2.0 μm spectroscopic properties (Li et al., 2019; Mao et al., 2020). To further improve 2.0 μm emission properties, it is very essential to reduce the hydroxyl content in glasses because OH− groups are the main energy loss channels for active ions and can result in strong 2.0 μm fluorescence quenching (Terra et al., 2006). We found that the strength of interaction between Tm3+ and OH− (12.9 × 10−19 cm4/s) was stronger than that between Er3+ and OH− (1.9 × 10−19 cm4/s) (Yuan et al., 2014).

Herein, based on the composition of TGB glass with good thermal stability, we systematically investigate the effects of substitution of BaF2 for BaO on physical properties and 1.8 μm emission properties. Density, refractive index, Raman spectra, absorption spectra and emission spectra were measured along with the lifetime of Tm3+:3F4 energy level. Moreover, energy transfer mechanism is proposed and emission cross section and gain coefficient of [image: image] transition in TGB glass with 9 mol.% BaF2 are determined.



MATERIALS AND METHODS

Tm3+ doped gallium tellurite glasses (TGB) with the molar compositions of 80TeO2-10Ga2O3-(9-x)BaO-xBaF2-1Tm2O3 (x = 0, 3, 6, and 9) were prepared by the conventional melt-quenching method. TeO2, Ga2O3, BaO, BaF2 and Tm2O3 with 99.99% purity (Aladdin) were used as raw chemicals. Appropriate amounts of these chemicals (~20 g) were well mixed and then melted in an alumina crucible with an alumina lid at ~950°C for 30 min. Afterwards, the melts were poured onto a preheated graphite mold and further annealed at 330°C for 2 h, after which they were cooled slowly inside the furnace to room temperature. The annealed samples for the optical property measurements need to be double-sided polishing into 10 × 10 × 1.5 mm3 cylinders. Densities of glasses were determined by the Archimedes' principle using the distilled water as the medium. The refractive index of all the samples was measured by the prism coupling method (Metricon Model 2010) at 633, 1,309, and 1,533 nm with an error of ±5 × 10−4. The infrared transmittance spectra were obtained using Vector 33 Fourier transform infrared (FTIR) spectrophotometer (Bruker, Switzerland). The Raman spectra were measured by Raman spectrometer (Renishawin Via, Gloucestershire, UK) and 532 nm laser as the excitation source. Optical absorption spectra measurements were performed on a Perkin-Elmer Lambda 900/UV/VIS/NIR spectrophotometer. The fluorescence spectra were recorded by a computer-controlled Triax 320 type spectrofluorimeter (Jobin-Yvon Corp.) equipped with an InAs detector upon the excitation of an 808 nm LD. After exciting the samples with an 808 nm LD, InAs detector was used to detect the lifetime of Tm3+:3F4 energy level (1.8 μm) along with a digital phosphor oscilloscope (TDS3012C, Tektronix, America) and signal generator. All of the measurements were carried out at room temperature.



RESULTS AND DISCUSSION

Table 1 presents the refractive index (n) and density (ρ) of TGB glasses with different BaF2 contents. It is found that the refractive index and density monotonously decrease when BaF2 content increases from 0 to 9 mol.% in step of 3 mol.%. This indicates that the addition of BaF2 makes glass network looser (Yang et al., 2017), which is demonstrated by the Raman spectra as shown Figure 1. It is noted that three major bands appear in TGB glasses with different BaF2 amounts. The peak A at ~466 cm−1 is assigned to the symmetrical stretching or bending vibrations of Te-O-Te linkages at corner sharing sites (Murugan and Ohishi, 2004; Jose et al., 2007). The peak B at ~682 cm−1 is ascribed to the anti-symmetric stretching vibrations of Te-O-Te linkages constructed by two un-equivalent Te-O bonds containing bridging oxygens (BO) in TeO4 trigonal bipyramid and the peak C is due to the symmetrical stretching vibrations of Te-O− and Te=O bonds with non-bridging oxygens (NBO) in TeO3 trigonal pyramid and TeO3+1 polyhedra (Murugan and Ohishi, 2004; Jose et al., 2007). It is worth noting that the position of peak C slightly shifts from 769 to 787 cm−1 and normalized intensity of peak B declines with the increment of BaF2 from 0 to 9 mol.%, revealing that glass network structure is broken and more non-bridging oxygens arise. Such low phonon energy of TGB glasses is able to effectively decrease non-radiative relaxation in favor of the enhancement of 2.0 μm emission intensity.


Table 1. The refractive index and density of TGB glasses with different BaF2 contents.

[image: Table 1]


[image: Figure 1]
FIGURE 1. Normalized Raman spectra of TGB glasses with different BaF2 amounts.


Figure 2 shows the typical absorption spectra of TGB glasses in the wavelength range from 350 to 2,100 nm. The absorption spectrum consists of five absorption bands of Tm3+ centered at 473, 687, 794, 1,214, and 1,700 nm, corresponding to respective transitions from the 3H6 ground state to excited states 1G4, 3F2,3, 3H4, 3H5, and 3F4. Energy levels above 1G4 energy level are not clearly identified because of strong intrinsic bandgap absorption in the host glass. It is also found that the position and shape of five absorption peaks are almost constant with the addition of BaF2.


[image: Figure 2]
FIGURE 2. Absorption spectra in TGB glasses with different BaF2 contents.


When BaF2 is added, F− ions crack O-H bond in glass network and produce HF gas so that OH− content is reduced. OH− content is reflected by OH− absorption coefficient (αOH) (Wang et al., 2013).

[image: image]

where l represents the thickness of glass samples, T0 and T are the incident and transmitted intensity, respectively. According to FTIR spectra, OH− absorption coefficient of TGB glasses is determined and presented in Figure 3. There are two absorption bands centered at 3.1 and 4.4 μm, corresponding to stretching mode of free Te-OH groups and/or stretching mode of molecular water and stretching mode of strong hydrogen-bonded Te-OH groups, respectively (Wang et al., 2019). αOH at 3.1 μm is obviously higher than the value at 4.4 μm. Moreover, αOH monotonically decreases from 3.4 to 2.2 cm−1 with increasing BaF2 content from 0 to 9 mol.% in step of 3 mol.%, which is beneficial to improve 1.8 μm emission properties of Tm3+ ions.


[image: Figure 3]
FIGURE 3. FTIR spectra of TGB glasses with different proportions of BaF2.


Figure 4 compares the fluorescence spectra and decay curves of [image: image] transition in TGB glasses with different BaF2 amounts pumped by 808 nm LD. From Figure 4A, it is clear that the spectra are characterized by two emission peaks located at 1,488 and 1,808 nm, corresponding to [image: image] and [image: image] transitions, respectively. Emission intensity at 1,488 nm is obviously weaker than that at 1,808 nm, which is attributed to effective cross relaxation process [image: image]). Moreover, emission intensity at 1,488 nm remains almost unchanged and that near 1.8 μm gradually increases with the increment of BaF2 concentration. The peak value near 1.8 μm in TGB glasses with 9 mol.% BaF2 is 1.6 times as high as that without BaF2 because the reduction of OH− content weakens the interaction between Tm3+ and OH− and thus enhances radiative transition probability of [image: image] transition. Figure 4B describes fluorescence decay curves of Tm3+:3F4 energy level monitored at 1,808 nm in TGB glasses with different proportions of BaF2. It is clearly noted that the lifetime of 3F4 energy level gradually prolongs from 337.4 to 577.8 μs when BaF2 content increases from 0 to 9 mol.% in step of 3 mol.%. The lifetime in TGB glass with 9 mol.% BaF2 is 1.7 times as long as the value without BaF2. These results mean that the addition of BaF2 can greatly improve 1.8 μm emission properties.


[image: Figure 4]
FIGURE 4. (A) Fluorescence spectra and (B) decay curves of Tm3+:3F4 energy level in TGB glasses with different proportions of BaF2 pumped by 808 nm LD.


In general, the total decay rate (W) of Tm3+:3F4 energy level is defined as the reciprocal of the measured decay lifetime (τm) and is described by the following equations (Zhou et al., 2010).

[image: image]
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where Ar represents the radiative decay rate, WOH is the energy transfer rate between Tm3+ and OH−, Wmp is the multiphonon decay rate, WET is the energy transfer rate between Tm3+ ions, NTm is the total concentration of Tm3+ ions and αOH is OH− absorption coefficient. kOH−Tm is defined as the strength of interaction between Tm3+ and OH− and doesn't rely on the concentrations of Tm3+ and OH−. Figure 5 represents a good linear relationship between the total decay rate and αOH. From this fit, kOH−Tm is determined and equals to 2.82 × 10−18 cm4/s, which is larger than kOH−Er (1.9 × 10−19 cm4/s) (Zhou et al., 2010) and lower than kOH−Tm (7.89 × 10−18 cm4/s) in germanate glasses (Wang et al., 2014).


[image: Figure 5]
FIGURE 5. The dependence of the total decay rate on αOH along with the red fitting curve.


Based on above-mentioned results, Figure 6 shows energy transfer mechanism. Under excitation at 808 nm LD, Tm3+ ions are motivated to 3H4 state from the 3H6 ground state. Then, a few Tm3+ ions return radiatively to 3F4 state with 1,488 nm photon. However, the majority of ions relax nonradiatively to 3F4 state via muliphonon relaxation process and efficient cross relaxation process (CR) between two adjacent Tm3+ ions [image: image]). Finally, Tm3+ ions in the excited 3F4 state return to the 3H6 ground state, emitting fluorescence at 1.8 μm. Significantly, the residual OH− in TGB glasses can impair 1.8 μm emission via two OH− ions, indicating that it is essential to decrease the hydroxyl content for improving 1.8 μm emission.


[image: Figure 6]
FIGURE 6. The energy level diagram and energy transfer mechanism of Tm3+ ions.


Both absorption and emission cross sections of Tm3+ ions are very crucial parameters to evaluate the potential of TGB glasses as 2 μm laser material. Based on the Beer-Lambert equation and Fuchtbauer-Ladenburg equation (Chen et al., 2007), absorption and emission cross sections of [image: image] transition in TGB glass with 9 mol.% BaF2 are calculated and presented in Figure 7A. The maximum absorption cross section of Tm3+ reaches 5.3 × 10−21 cm2 at 1,706 nm, which is higher than that of silicate glass (1.5 × 10−21 cm2) (Li et al., 2012), fluorophosphate glass (3.0 × 10−21 cm2) (Li et al., 2015), tellurium germanate glass (3.2 × 10−21 cm2) (Gao et al., 2015) and germanate glass (4.1 × 10−21 cm2) (Yu et al., 2009). Moreover, corresponding maximum emission cross section is 8.8 × 10−21 cm2 at 1,814 nm, which is higher than that of silicate glass (3.6 × 10−21 cm2) (Li et al., 2012), fluorophosphate glass (5.5 × 10−21 cm2) (Li et al., 2015), tellurium germanate glass (6.8 × 10−21 cm2) (Gao et al., 2015), germanate glass (5.5 × 10−21 cm2) (Yu et al., 2009) and zinc tellurite glass (7.3 × 10−21 cm2) (Yuan and Xiao, 2018). The high emission cross section of TGB glass with 9 mol.% BaF2 is helpful to provide high laser gain.


[image: Figure 7]
FIGURE 7. (A) Absorption, emission cross section and (B) calculated gain coefficient of TGB glass with 9 mol.% BaF2.


Once absorption and emission cross sections are determined and it is supposed that Tm3+ ions are only in either the 3H6 or 3F4 state, the gain coefficient G(λ) of Tm3+ near 1.8 μm can be obtained by the following equation (Zou and Toratani, 1996).

[image: image]

where N represents the total concentration of Tm3+ ions and p is the inversion factor given by the ratio between the population of lasing upper level (3F4) and the total concentration that ranges from 0 to 1. Figure 7B shows gain coefficient spectrum of TGB glass with 9 mol.% BaF2. It is found that the gain peak shifts to shorter wavelength with increasing p, which is a typical feature of the quasi-three-level system. Moreover, gain coefficient starts to be greater than zero in the wavelength range from 1,824 to 2,100 nm when p ≥ 0.2 and the maximum value is 3.3 cm−1 at 1,814 nm, which is larger than that of silicate glass (2.57 cm−1) (Tang et al., 2016), germanate glass (2.11 cm−1) (Slimen et al., 2019) and tellurite glass (0.91 cm−1) (Tian et al., 2019). This means that TGB glass with 9 mol.% BaF2 is a promising host material for efficient 2.0 μm fiber laser development.



CONCLUSIONS

In summary, the effects of BaF2 contents on density, refractive index, Raman spectra, OH− absorption coefficient and 1.8 μm spectroscopic properties of Tm3+ doped gallium tellurite glasses are studied in detail. When BaF2 content increases from 0 to 9 mol.% in step of 3 mol.%, refractive index and density gradually reduce. Meanwhile, αOH monotonically decreases from 3.4 to 2.2 cm−1, which makes emission peak value near 1.8 μm in TGB glass with 9 mol.% BaF2 being 1.6 times as large as that without BaF2 while the lifetime becomes 1.7 times as long as the value without BaF2. The maximum emission cross section at around 1.8 μm of TGB glass with 9 mol.% BaF2 reaches 8.8 × 10−21 cm2. In addition, positive gain coefficient in the wavelength range from 1,824 to 2,100 nm is achieved when p ≥ 0.2 and the maximum gain coefficient is 3.3 cm−1 at 1,814 nm. As a result, TGB glass with 9 mol.% BaF2 appears to be a highly promising host material for efficient 2.0 μm fiber laser development.
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The recent technological trends toward miniaturization in lighting and display devices are accelerating the requirement for high-performance and small-scale GaN-based light-emitting diodes (LEDs). In this work, the effect of mesa size-reduction in the InGaN/GaN LEDs is systematically investigated in two lateral dimensions (x- and y-directions: parallel to and perpendicular to the line where p-n directions are) both experimentally and numerically. The role of the lateral size-reduction in the x- and y-directions in improving LED performance is separately identified through experimental and modeling investigations. The narrowed dimension in the x-direction is found to cause and dominate the alleviated current crowding phenomenon, while the size-reduction in the y-direction has a minor influence on that. The size-reduction in the y-orientation induces an increased ratio of perimeter-to-area in miniaturized LED devices, which leads to improved thermal dissipation and light extraction through the sidewalls. The grown and fabricated LED devices with varied dimensions further support this explanation. Then the effect of size-reduction on the LED performance is summarized. Moreover, three-micro-walls LED architecture is proposed and demonstrated to further promote light extraction and reduce the generation of the Joule heat. The findings in this work provide instructive guidelines and insights on device miniaturization, especially for micro-LED devices.
Keywords: GaN, light-emitting diode, miniaturization, size effect, micro-LED, current crowding effect, thermal dissipation
INTRODUCTION
Owing to advantages in reliability, long lifetime, vivid colors, and energy efficiency, InGaN/GaN multiple quantum well (MQW) light-emitting diodes (LEDs) are regarded as a promising candidate to replace conventional lighting devices and have been extensively applied in various areas, such as automotive, backlight sources, display screens, electronic equipment, communicating applications, and general lighting (Ponce and Bour, 1997; Pimputkar et al., 2009; Kobayashi et al., 2012; Han et al., 2013). In order to fulfill the requirement of these applications, LEDs with various sizes and geometries are developed and fabricated accordingly (Kim et al., 2013; Cai et al., 2018). The micro-LED display is an emerging technology in general lighting and displays technology, which has shown its advantages in low power consumption, high dynamic range, short response time, and high contrast ratio (Hwang et al., 2017). The micro-LED display utilizes existing LED technology, which is significantly more efficient at producing light compared to OLED, cathode ray tube (CRT), and other display technologies. The huge opportunity in consumer electronics and the increasing applications in virtual reality, wearable devices, augmented reality, and medical applications become the major driving force behind the recent rapidly growing development in mini- and micro-LEDs (Park et al., 2009; Scharf et al., 2016; Son et al., 2018; Roche, 2019; Tang et al., 2019; Zhang et al., 2020). Extensive efforts of research have been devoted to studying the influence of size-reduction in the GaN-based LEDs (Choi et al., 2003a; Sadaf et al., 2016; Kang et al., 2017; Wu et al., 2018; Huang et al., 2019; Wong et al., 2019; Lin and Jiang, 2020). Francois et al. reported the lower external quantum efficiency (EQE) and maximum EQE when the LED devices went smaller (Olivier et al., 2017). Anis et al. also suggested the stronger Shockley-Read-Hall (SRH) non-radiative recombination was caused when the LED size tended to diminish (Daami et al., 2018). However, Tao et al. pointed out that the strain in QW was relaxed and Auger recombination was suppressed for smaller size LEDs, which lead to improved performance (Tao et al., 2012). Besides, Bourim et al. indicated that the junction temperature of larger LED chips was higher than the smaller ones under the same current densities, which resulted in carrier escapes from quantum wells thus degraded performance was observed (Bourim and Han, 2016). Huang et al. further concluded in the recent work that micro-LED would gradually move toward the central stage of the future display due to its advantages in energy efficiency (Huang et al., 2020).
Despite extensive reports on the effect of size-reduction in the GaN-based LEDs, no conclusive remarks can be drawn. Therefore, a systematical study with complementary theoretical simulation and experimental investigation is strongly required to resolve the discrepancy and uncover the underlying physics. Furthermore, most of the previous works focus on studying the influence of the total size or shape of the lateral mesa on the LED performance without analyzing the individual influence of size-reduction in one certain dimension. Thus, in this work, the size-reduction effect on the performance of InGaN/GaN LEDs is systematically analyzed with both experimental and numerical investigations. The influence of the size-reduction of the lateral mesa in two directions on the performance of the LED chip is separately identified. Then the effect of size-reduction on the GaN-based LEDs is concluded, which offers instructive guidelines in device miniaturization. Finally, a three-micro-walls LED architecture is proposed and demonstrated with the aim of improving the light extraction efficiency and reducing the thermal heat generated.
MATERIALS AND METHODS
The InGaN/GaN MQW LEDs studied in this work were grown on c-plane patterned sapphire substrates by metal-organic chemical vapor deposition (MOCVD) system. The sapphire substrate used is the two-inch patterned-sapphire substrate that has periodic cone patterns with a diameter of 2.4 μm, a height of 1.5 μm, and a pitch of 3 μm. The epitaxial growth was initiated on a 30-nm thick low-temperature GaN nucleation layer followed by a 4 µm unintentionally doped n-type GaN (u-GaN) layer. Subsequently, a 2-μm thick Si-doped GaN layer was grown with a doping concentration of 5 × 1018 cm−3, in which SiH4 was adopted as the dopant source. Then, eight pairs of In0.15Ga0.85N/GaN MQWs with 3-nm thick QW and 12-nm thick QB were grown. In addition, a 20-nm thick p-doped Al0.15Ga0.85N electron blocking layer (EBL) was grown to suppress the excess electron overflow into the p-GaN region. Then a 200-nm thick Mg-doped GaN with a doping concentration of 3 × 1017 cm−3 was grown as the hole source layer. The p-type conductivity of the EBL and the hole source layer was realized by Mg doping where Cp2Mg was used as the Mg precursor. Subsequent to the epitaxial growth, the LED wafers were fabricated into flip-chip LED devices using standard fabrication processes. The mesa area was shaped using reactive ion etching (RIE) for LED devices of different sizes. Ni/Ag (5 nm/5 nm) metal layers were deposited as the current spreading layer using e-beam evaporation, and Ti/Au (30 nm/1,000 nm) metal layers were deposited as p- and n-electrode contact. A schematic diagram of the device structure is shown in Figure 1A. The current-voltage characteristics were determined by a LED tester (M2442S-9A Quatek Group) and the optical output power was measured by an integrating sphere attached to an Ocean Optics spectrometer (QE65000).
[image: Figure 1]FIGURE 1 | (A) The schematic diagram of the structure and the current flow paths from the p-GaN layer to the n-GaN layer, and (B) equivalent circuit of current path model for the flip-chip InGaN/GaN LEDs.
To study the physical mechanism on how the size-reduction of the lateral mesa influences the LED performance, numerical simulations were conducted by Advanced Physical Models of Semiconductor Devices (APSYS) simulator, which self-consistently solves the Schrödinger equation, continuity equation, and Poisson equation with proper boundary conditions. In the simulations, the Auger recombination coefficient was set to 1 × 1,042 m6/s and 40% of the polarization charges were assumed such that 60% of the theoretical polarization charges were released because of the crystal strain relaxation by generating dislocations. The other parameters used in the simulation can be found elsewhere (Meneghini et al., 2009; Kim et al., 2010; Kuo et al., 2011; Park et al., 2013; Zhang et al., 2013; Zhang et al., 2017).
RESULTS AND DISCUSSION
Figure 1A presents the schematic diagram of the structure and the current flow paths for the flip-chip InGaN/GaN LEDs, which is extensively used in commercial products and academic research due to its superiority in light extraction. In order to eliminate the influence of the electrode pattern (eg fingers), the p-contact metal layer covers the entire top surface of the p-GaN layer. As shown in Figure 1A, there are two lateral orientations to follow when reducing the mesa size of the LED device: x- and y-directions. In order to identify the individual influence on the LED performance, the effect of size-reduction in these two lateral orientations is separately investigated with the x-direction as the beginning. As we can see from the equivalent circuit shown in Figure 1B, there are plenty of current paths from the p-GaN layer to the n-GaN layer and according to Ohm's law we will have:
[image: image]
where Ii is current corresponding to each path where i = 1, 2, …, k−1, and k, in which k is infinity, xi denotes its corresponding length, V is the bias voltage applied to the LED, R1 denotes the resistance along the vertical direction from the p-contact layer to the active region, L is the mesa size in the x-direction, W is the lateral length from the edge of n-contact to the edge of the p-GaN layer, and R0 is the resistance per unit length of the n-GaN layer in the lateral direction along x. Then the average current for all current paths is obtained, as shown below:
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As we can see from the above equation, the average current for all the current paths is increased with the reduction of mesa size in the x-direction, which means the current becomes more uniform in the lateral direction and thus the current crowding effect is alleviated. As the p-GaN layer is entirely covered by the p-contact metal, the reduction of the mesa size in the y-direction has a minor contribution in alleviating the current crowding effect. Therefore, the alleviated current crowding as a consequence of the narrowing in the mesa size mainly originates from the uniform current spreading in the lateral x-direction. It is worth noting that if the finger shape or other types of electrode pattern is adopted in the p-contact metal layer, the electrode distribution along the lateral directions (both x- and y-directions) will further affect the current spreading performance. In that case, the current spreading is subjected to the coupling effect of size-reduction in the x-direction and electrode patterns (Guo and Schubert, 2001; Song, 2012).
In order to further support the above conclusion that the size-reduction in the x-direction contributes to alleviated current crowding, the numerical calculations are conducted for the InGaN/GaN MQW LEDs with varied device dimensions of 45 × 200, 90 × 200, 135 × 200, and 180 × 200 μm2, respectively. Here, the mesa dimension in the x-direction is narrowed from 180 to 45 μm, while the dimension in the y-direction is fixed at 200 μm. Figure 2A shows horizontal profiles of electron current densities in the p-GaN layer for the LEDs with different mesa dimensions. Since the LEDs are of different mesa dimensions, the electron distribution along the x-direction in Figure 2A is normalized by dividing the corresponding dimension (45, 90, 135, 180 μm). It can be clearly seen that most electrons are located at the edge of the p-electrode for all the LEDs with varied mesa sizes, implying the inhomogeneous distribution of carrier in the x-direction. This is called the current crowding effect, which is always a tough issue for lateral LED geometry. However, the electrons distribute more uniform along the x-direction for smaller LEDs, as presented in Figure 2A, which indicates alleviated current crowding. The improved performance in the narrowed LEDs can also be observed in the curves for current density (J) vs. voltage (V) as shown in Figure 2B, which is attributed to the uniform current spreading and consistent with the results in the current path model and previous reports (Tian et al., 2012; Yang et al., 2014; Bourim and Han, 2016).
[image: Figure 2]FIGURE 2 | (A) The simulated horizontal profiles of electron current density along the x-direction in the p-GaN layer as a function of normalized distance, (B) calculated J-V curves, and (C) computed electron concentration in the EBL and the p-GaN region at the current density of 300 A/cm2 for LEDs with varied mesa dimensions of 45 × 200, 90 × 200, 135 × 200, and 180 × 200 μm2, respectively.
Moreover, owing to the improved current spreading, the electron overflow into the p-GaN layer is suppressed. The simulated electron concentration near the p-GaN layer is depicted in Figure 2C for the LED devices with varied dimensions under the current injection level of 300 A/cm2, which demonstrates that the electron concentration in EBL and the p-GaN region is reduced when the mesa dimension decreases from 180 to 45 μm. The reduction of the electron concentration in the p-doped region indicates the effective suppression of the electron leakage. These results suggest that with a narrowed mesa dimension in the x-direction, the current crowding phenomenon is alleviated and the electrons will spread more homogeneously.
Based on the above analysis, the conclusion can be drawn that the mesa size-reduction of the InGaN/GaN LEDs in the lateral x-orientation leads to alleviated current crowding thus improved performance is obtained, while the reduction in the y-direction makes a minor contribution to the current spreading performance. However, the diminished dimension in the y-direction increases the ratio of perimeter-to-area. The increased ratio of perimeter-to-area in the smaller LEDs leads to improved heat dissipation and reduced self-heating, hence the temperature in the LED device is decreased (Kim et al., 2012; Horng et al., 2015). Moreover, the light extraction through the sidewalls is improved with diminished LED size, which contributes to the improvement of the LED performance (Stark et al., 2011).
In order to confirm the above conclusion, InGaN/GaN LED chips with different sizes are fabricated for investigation with the dimensions of 200 × 45, 200 × 90, 200 × 135, and 200 × 180 μm2, respectively, which have the perimeter-to-area ratio of 0.54, 0.32, 0.25, and 0.21, respectively. Here, the mesa dimension in the y-direction is narrowed from 180 to 45 μm, while the dimension in the x-direction is fixed at 200 μm. All LED chips are fabricated within a 2 mm × 2 mm region on the same epitaxial wafer to avoid the spatial inhomogeneity in the wafer with standard fabrication procedures in order to eliminate the influence by crystalline quality, epitaxial growth, and fabrication processes, which is the possible reason for the discrepancy in the conclusion of the size-reduction effect among the previous reports (Tao et al., 2012; Olivier et al., 2017; Singh et al., 2017; Daami et al., 2018). The p-contact metal totally covers the top surface of the p-GaN layer to avoid the influence of the electrode pattern, which is different from the previous works (Song, 2012; Singh et al., 2017). The experimentally measured optical output power as a function of current density for LEDs with different mesa dimensions are illustrated in Figure 3A, from which we can see that the optical output power increases consistently with the mesa size narrowed from 180 to 45 μm in the y-direction. The efficiency droop indicated in Figure 3B is also reduced for the narrowed LED devices, which is consistent with the observation in the previous report (Tao et al., 2012). The variation in the ending point of data shown in Figures 3A,B is because the optical output power and current are measured under the same biased voltage for LEDs with varied sizes. The enhancement in the performance observed in the smaller LED devices is attributed to the improved light extraction in the sidewall and improved heat dissipation due to the higher perimeter-to-area ratio and reduced device temperature (Choi et al., 2003a; Choi et al., 2003b). Figure 3C presents the electroluminescence (EL) spectra curves for the studied LEDs with different mesa dimensions, where the emission density is the strongest for the 45-μm LED. Meanwhile, the EL intensity for LEDs with larger mesa size is reduced as the increase of mesa dimension. The peak wavelength is about 450 nm and is not shifted when the size is reduced from 180 to 45 μm, as indicated in Figure 3C. However, it is worth noting that when the LED size is further reduced to the nanoscale, the blue shift in the EL curve can be anticipated due to reduced energy band tilting caused by the strain relaxation in the smaller LED device (Demangeot et al., 2002; Wu et al., 2008; Stark et al., 2011).
[image: Figure 3]FIGURE 3 | (A) Experimentally measured optical output power as a function of forward current density, (B) normalized EQE as a function of forward current density, and (C) electroluminescent spectral curves under the current density of 100 A/cm2 for LEDs with different dimensions of the mesa.
Thereafter, we can conclude the effect of size-reduction (E) for InGaN/GaN LEDs as following:
[image: image]
where C(x) is the alleviated current crowding effect (Ge et al., 2019), P (x, y) is the improvement achieved by the increased perimeter-to-area ratio, including improved thermal dissipation and light extraction (Choi et al., 2003a; Choi et al., 2003b), T (x, y) is the reduced self-heating and improved heat distribution (Gong et al., 2010; Ploch et al., 2013), S (x, y) is the enhancement owing to the strain relaxation (Demangeot et al., 2002; Tao et al., 2012; Ge et al., 2019), and N (x,y) is the possible negative effect due to the increased nonradiative recombination (Gong et al., 2010; Stark et al., 2011), surface recombination (Jin et al., 2001), and current leakage induced by etching damage and impurities during fabrications (Jin et al., 2000; Stark et al., 2011). A more detailed quantitative analysis of the above factors is needed to determine the dominant ones and great precautions must be undertaken to avoid degradation in devices during the growth and fabrication processes for smaller LEDs.
In order to further improve the light extraction in the smaller InGaN/GaN LEDs, we design a three-micro-walls LED architecture by incorporating three micro-LEDs into a device. The schematic diagram of the proposed LED structure is shown in Figure 4A, in which the micro-walls are defined with the wall dimensions of 200 × 45 μm2. In order to reduce the current leakage and increase the light extraction efficiency, the wall gap is filled up with SiO2 by chemical vapor deposition (CVD), which has a refractive index of 1.47. For the proposed LEDs with three-micro-walls geometry, the wall spacing is designed to be varied as 11, 22, and 33 μm, and the corresponding fabricated LED devices are presented in Figures 4C–E, respectively. The single-micro-wall LED device is also introduced and fabricated as the controlled group, as shown in Figure 4B.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of the proposed LED architecture with three-micro-walls, and the fabricated LED devices of (B) single-micro-wall as controlled group, (C) three-micro-walls with wall spacing of 11 μm, (D) three-micro-walls with wall spacing of 22 μm, and (E) three-micro-walls with wall spacing of 33 μm.
As the three-micro-walls LED device is three times the size of the single-wall LED, the optical power of the former is divided by three for comparison. The experimentally measured optical output power of the devices is shown in Figure 5A, in which all the proposed three-micro-walls LED devices perform better than the controlled group due to the improved light extraction through sidewalls achieved by the filling up of SiO2 in the gap. Meanwhile, the proposed architecture with the wall spacing of 33 μm has the best performance because more light escapes from the sidewall with a larger gap between the micro-walls. More importantly, there is less thermal heat generation for the LED device with wider wall spacing due to the reduced series resistance when current horizontally passes the n-GaN layer. Figures 5B,C depict the current paths and the corresponding simplified current paths model for the LEDs with three-micro-walls geometry. As indicated in Figure 5C, the Joule heat (Jheat) generated in the LED can be expressed as:
[image: image]
where R1 is the total resistance from top contact layer to active region in the vertical direction, R0 denotes the resistance of n-GaN layer, I is current, p denotes the resistivity of n-GaN layer, l is the lateral distance from n-electrode to mesa edge, and S is the cross-sectional area of the n-GaN layer perpendicular to the direction of l. According to Eq. 5, with the increasing spacing of the micro-walls, the resistance of R0 increases due to the enlarged area S. Hence, the total heat generation in the LED device is reduced, which contributes to improved LED performance. It is worth noting that with a larger gap, the thermal heat dissipation is improved accordingly. Thus, the proposed LED architecture has superior performance due to improved light extraction, less thermal heat generation, and better heat dissipation.
[image: Figure 5]FIGURE 5 | (A) Experimentally measured optical output power for proposed three-micro-walls LED devices and single-wall device, (B) illustration of the current path for proposed LED device, and (C) corresponding simplified current path model.
CONCLUSION
The InGaN/GaN LEDs with different mesa dimensions are investigated both experimentally and numerically to explore the size-reduction effect on the LED performance. The individual role of the size-reduction in the lateral x- and y-directions is identified separately. The physical mechanism of performance enhancement by mesa size-reduction is revealed by using a model of current paths, which suggests that the current crowding effect is alleviated when the lateral mesa size is narrowed in the x-direction. The calculated results indicate that the LED devices with narrowed dimensions in the x-direction have reduced electron leakage and a better current-voltage characteristic under the same current density, which is attributed to the effectively improved current spreading. Backed by the experiments, the decrease of the mesa size in the y-direction is found to improve the LED performance, which is owing to a higher ratio of perimeter-to-area, better thermal dissipation, and improved light extraction. Then the effect of size-reduction on the LED performance is concluded. Finally, a new LED architecture with three-micro-walls is proposed and demonstrated. The proposed three-micro-walls LEDs are observed to have improved optical performance compared to the controlled group and with the increase of wall spacing, the improvement becomes conspicuous, which is owing to the increased light extraction and less Joule heat generation resulting from the reduced series resistance when current horizontally passes the n-GaN layer.
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Strain-reduced micro-LEDs in 50 μm × 50 μm, 100 μm × 100 μm, 200 μm × 200 μm, 500 μm × 500 μm, and 1,000 μm × 1,000 μm sizes were grown on a patterned c-plane sapphire substrate using partitioned growth with the metal-organic chemical-vapor deposition (MOCVD) technique. The size effect on the optical properties and the indium concentration for the quantum wells were studied experimentally. Here, we revealed that the optical properties can be improved by decreasing the chip size (from 1,000 to 100 µm), which can correspondingly reduce the in-plane compressive stress. However, when the chip size is further reduced to 50 μm × 50 μm, the benefit of strain release is overridden by additional defects induced by the higher indium incorporation in the quantum wells and the efficiency of the device decreases. The underlying mechanisms of the changing output power are uncovered based on different methods of characterization. This work shows the rules of thumb to achieve optimal power performance for strain-reduced micro-LEDs through the proposed partitioned growth process.
Keywords: micro-LED, strain release, partitioned growth model, size effect, QCSE, Raman
INTRODUCTION
During the past few decades, InGaN/GaN based light-emitting diodes (LEDs) have been extensively studied to improve the external quantum efficiency (EQE) and optical output power (Shuji et al., 1991; Tan et al., 2012; Ji et al., 2013; Zhang et al., 2013). Owing to the high efficiency, long lifetime, and versatile packaging flexibility, III-nitride based LEDs have been widely used as the backlighting for smartphones and flat-panel displays, and are very promising for applications such as visible light communication and micro-displays (Choi et al., 2004a; McKendry et al., 2010; McKendry et al., 2012). All these applications require small LED chips, which have superior properties including high current density, high power density and high response speed. Thus, small LEDs that hold these properties are imperatively needed. To this end, micro-LEDs have been previously reported (Choi et al., 2003; Choi et al., 2004b; Poher et al., 2008; Lu et al., 2014). Micro-LEDs can deliver much higher current density and power density than general broad-area LEDs due to the reduced thermal mass and Joule heating (Lu et al., 2014). Nevertheless, to reduce the costs and satisfy the outdoor applications of micro-displays and visible light communication, the performance of micro-LEDs needs to be further improved. However, in all of these previous reports, the top-down approach based on dry etching and patterning micro-size mesas was used and the performance of the LED epitaxial wafers grown on the c-plane sapphire substrates is limited by the quantum confined Stark effect (QCSE) (Ryou et al., 2009). The strain induced large piezoelectric polarization fields contribute to the internal electric field reducing the oscillator strength and emission due to the QCSE (Tetsuya et al., 1997). To overcome this issue, numerous efforts have been made to release the strain. For example, nonpolar tetragonal LiAlO2 substrate was used to reduce the QCSE by Waltereit et al. (Waltereit et al., 2000). InGaN/GaN multiquantum well (MQW) nanorod arrays were implemented to improve the efficiency of LEDs by Kim et al. (Kim et al., 2004). Graphene-assisted growth was carried out to address the strain-induced problems in LEDs (Chen et al., 2018; Wang et al., 2020). Substrates such as semi-polar and non-polar bulk GaN were used to achieve high internal quantum efficiency (IQE) and low droop LEDs by Nakamura et al. (Arpan et al., 2005; Denbaars et al., 2013). However, these proposed methods come at high costs of substrates or nanoimprint lithography technology. On the other hand, it is deemed that if the micro-LEDs could be directly in situ grown in the metal-organic chemical-vapor deposition (MOCVD) chamber by adopting the partitioned growth process, the QCSE can be reduced in such partition-grown micro-LEDs (PG micro-LEDs). Furthermore, compared with typically fabricated micro-LEDs using ICP etching, there is no side-wall defects, and the efficiency will be even higher. Therefore, in this work, we propose and show a low-cost and effective way to release the strain for achieving high-efficiency strain-reduced micro-LEDs through partitioned growth.
In this work, strain-reduced micro-LEDs with various sizes of 50 μm × 50 μm, 100 μm × 100 μm, 200 μm × 200 μm, 500 μm × 500 μm, and 1,000 μm × 1,000 µm are demonstrated to be directly grown on patterned c-plane sapphire substrates by using our MOCVD system. To protect these PG micro-LEDs during the dicing process, a margin (10 µm) was included between two individual chip partitions. Here we systematically investigated the size effect on the strain and studied the electrical and optical properties for the proposed PG micro-LEDs which are critical to optimize the size for PG micro-LEDs.
MATERIALS AND METHODS
The LED epitaxial wafers were grown on c-plane single polished sapphire substrates by the MOCVD system. The sapphire substrate was first deposited with SiO2 (100 nm) by plasma enhanced chemical vapour deposition (PECVD), and the SiO2 layer was then patterned and etched with reactive-ion etching (RIE) to obtain square opening regions with different sizes. The margin width between two opening regions was set to 10 µm. Trimethylaluminum (TMAl), trimethylindium (TMIn), trimethylgallium (TMGa), and ammonia (NH3) were used as Al, In, Ga, and N precursors, respectively. The growth was initiated with a 3 µm thick unintentionally doped GaN, followed by a 5.5 µm thick Si-doped N-GaN (doping concentration ≈ 5 × 1018/cm3). Then, six pairs of In0.15Ga0.85N/GaN multiple quantum wells (MQWs) (thickness of 3 nm/12 nm) were grown. A Mg-doped Al0.15Ga0.85N electron blocking layer (EBL), with a thickness of 20 nm, was grown to reduce the electron overflow. Finally, a 200 nm thick Mg-doped GaN (with a free hole concentration of 3 × 1017/cm3) was grown as the hole source layer. In both of the EBL and the hole source layers, bis(cyclopentadienyl)magnesium (Cp2Mg) was used as the Mg precursor.
The images of different PG micro-LEDs were taken by a scanning electron microscopy (SEM) (JEOL JSM-5600LV) system. Micro-Raman spectra were also recorded using a spectrometer (Horiba JY-T64000) equipped with an excitation laser of 532 nm wavelength to reveal the strain level. Electroluminescence (EL) spectra and the optical output power were acquired by an Ocean Optics spectrometer (QE65000) attached to an integrating sphere. The micro-LEDs were fabricated into the same size (1 mm × 1 mm) using micro-fabrication technique. A LED tester (M2442S-9A Quatek Group) was used to measure the current-voltage characteristics of the resulting LED chips.
RESULTS AND DISCUSSION
Figure 1 shows the SEM images for the PG micro-LEDs of different sizes and the pattern before growth. Here Figures 1A,C,E,G,H show the top-view images for the 50 μm × 50 μm, 100 μm × 100 μm, 200 μm × 200 μm, 500 μm × 500 μm, and 1,000 μm × 1,000 μm PG micro-LEDs, respectively. Figures 1B,D,F display the 45°-tilted-view images for the 50 μm × 50 μm, 100 μm × 100 μm, and 200 μm × 200 μm PG micro-LEDs, respectively. Figure 1I depicts the patterned sapphire substrate with SiO2 before the epitaxial layers growth. As the top-view and 45°-tilted-view images for the 500 μm × 500 µm and 1,000 μm × 1,000 µm sizes look similar, here we only show the top-view images for these two sizes. From these images, we can observe that smaller PG micro-LEDs have a larger ratio of opening area. Since the chip dimension for PG micro-LEDs is smaller than the anode, which is made of a 1 mm × 1 mm contact on the P-GaN surface, the active light emission area has to be taken into consideration. To facilitate the analysis, we used the square of the side length over the square of the side length plus half of the margin width (10 µm) as the ratio of active lighting area. For example, the ratio of active lighting area for the 50 μm × 50 µm device is 50 × 50 over (50 + 5) × (50 + 5). After calculation, we find that the ratios of active lighting area are 83, 91, 95, 98, and 99%, respectively, for the 50 μm × 50 μm, 100 μm × 100 μm, 200 μm × 200 μm, 500 μm × 500 μm, and 1,000 μm × 1,000 µm devices. From the calculation results, we can see that 50 μm × 50 μm PG micro-LEDs possess a much smaller ratio of the active light emission area than others.
[image: Figure 1]FIGURE 1 | SEM images of the proposed PG micro-LEDs grown in different sizes: top-view images for (A) 50 μm × 50 μm, (C) 100 μm × 100 μm, (E) 200 μm × 200 μm, (G) 500 μm × 500 μm, and (H) 1,000 μm × 1,000 µm chips; 45°-tilted-view images for (B) 50 μm × 50 μm, (D) 100 μm × 100 μm, and (F) 200 μm × 200 µm chips. (I) The schematic diagram of the patterned substrate before growth with SiO2 on the sapphire substrate.
The optical output power and the external quantum efficiency (EQE) for these PG micro-LEDs of different sizes are presented in Figures 2A,B, which show that the optical performance is enhanced as the device size decreases from 1,000 μm × 1,000 µm–100 μm × 100 µm as a general trend. Higher optical output power can be obtained in smaller devices at a given current level. However, the 50 μm × 50 µm device exhibits a smaller optical output power and EQE than others at the lower current density. As the 50 μm × 50 µm device has the smallest ratio of active lighting area, which may be one of the underlying reasons. Nevertheless, it seems that the small ratio of active lighting area is not the only reason for such a degradation for the 50 μm × 50 µm device. To figure out the underlying reasons of these observations, a series of characterization methods were performed and the results were analyzed.
[image: Figure 2]FIGURE 2 | (A) Optical power versus electrical current and (B) the EQE as a function of the current of PG micro-LEDs in different sizes.
Raman scattering is a widely used method to study the strain for III-nitrides (Tian et al., 2015). As the E2 (high) phonon frequency is sensitive to strain, it has been extensively applied to quantify the in-plane stress in GaN (Davydov et al., 1997; Tripathy et al., 1999). It is accepted that the peak of E2 phonon in the unstrained GaN layer is 567.6 cm−1 (Davydov et al., 1998), and the blueshift for this phonon frequency indicates the in-plane compressive stress, whereas a redshift indicates the in-plane tensile stress. As depicted in Figure 3A, Raman spectra of E2 phonon peaks for different PG micro-LEDs show that all the measured phonon frequencies of the PG micro-LEDs are blueshifted, which accounts for the in-plane compressive stress. From Figure 3A, we can also see that with the size decreasing from 1,000 μm × 1,000 µm–50 μm × 50 μm, the E2 phonon peaks move toward to the unstrained 567.6 cm−1, which indicates that the in-plane compressive stress is released with the size decreasing. To facilitate the analysis, the in-plane compressive stress was further calculated according to [image: image] (Tripathy et al., 2002), where σ is the biaxial stress and Δω is the E2 phonon peak difference between the strained GaN and unstrained GaN (567.6 cm−1). The calculated in-plane compressive stress values of different sized PG micro-LEDs are presented in Figure 3B. From Figure 3B, it is clear that the in-plane stress reduces as the size decreases. This is because at the edge of micro-LEDs, the growth is free and nearly no in-plane stress. From the edge to the center of the micro-LEDs, the stress becomes large. Smaller sized micro-LEDs have more edge area, so it shows large area ratio for strain relaxation. The reduced in-plane compressive stress for the GaN template layer grown on the sapphire substrate correspondingly suppresses the QCSE level in the InGaN/GaN quantum wells. The reduced QCSE suggests that by decreasing the PG micro-LED size the output power and EQE can be improved. However, as can be observed from Figure 2, when the chip size is below 100 μm × 100 μm, the other effects need to be taken into account because the device performance decreases.
[image: Figure 3]FIGURE 3 | (A) Raman spectra of E2 (high) phonon peaks for the PG micro-LEDs of different sizes; (B) the in-plane compressive stress of different sized PG micro-LEDs.
As the in-plane stress reduces, the blueshift for the electroluminescence wavelength caused by the reduced QCSE in the quantum wells is expected. The EL spectra and the peak EL wavelength for the studied PG micro-LEDs at 20 mA are depicted in Figure 4. As expected, the emission wavelength is blueshifted with the size decreasing from 1,000 μm × 1,000 µm–200 μm × 200 μm, as can be seen from Figures 4Aii,B; however, the blueshift for the wavelength is very small. This phenomenon is because the blueshift for the wavelength caused by the reduced QCSE in the quantum wells can be partially compensated by the redshift, which is due to the more indium incorporation into the quantum wells with decreased stress (Johnson et al., 2004; Ju et al., 2012). On the other hand, the wavelength shows redshift as the size is decreased from 200 μm × 200 µm–50 μm × 50 μm, as can be seen from Figures 4Ai,B, which is not expected. For the 50 μm × 50 µm and 100 μm × 100 µm cases, with the in-plane stress further reducing, the effect of the indium incorporation is stronger than that of the QCSE suppression, so we see the wavelength redshift. However, this high concentration of indium not only makes the peak wavelength redshifted, but also introduces more defects (Johnson et al., 2004), which can be proved by the shift of EQE peak toward higher current (Zhang et al., 2015), as shown in Figure 2B. It has also been reported that point defects enhance the nonradiative recombination (Cao et al., 2003), which can be another reason for the lower output power and EQE for the 50 μm × 50 µm size when the current is smaller than 120 mA.
[image: Figure 4]FIGURE 4 | EL spectra of the PG micro-LEDs of different sizes at 20 mA: (A) 1,000 μm × 1,000 μm, 500 μm × 500 μm, and 200 μm × 200 µm devices; and (B) 200 μm × 200 μm, 100 μm × 100 μm, and 50 μm × 50 µm devices. (C) Peak EL wavelength of different sized PG micro-LEDs.
We further carried out the current voltage (I–V) characteristics for the PG micro-LEDs of different sizes in Figure 5. From Figure 5 we can see that the reverse leakage current increases when the PG micro-LED size is decreased, indicating more defects in the quantum wells (Cao et al., 2003). It is worth noting that the 50 μm × 50 µm device shows the largest leakage current when the device is reversely biased, which is a signature of the high defect density. In our case, the higher defect density in the quantum wells is ascribed to the higher indium incorporation efficiency for the smaller PG micro-LEDs, and therefore, further epi-growth optimizations are required.
[image: Figure 5]FIGURE 5 | I–V characteristics for PG micro-LEDs of different sizes.
CONCLUSION
In this work, to study the size effect on strain release, strain-reduced micro-LEDs in 50 μm × 50 μm, 100 μm × 100 μm, 200 μm × 200 μm, 500 μm × 500 μm, and 1,000 μm × 1,000 µm sizes were grown on patterned c-plane sapphire substrates by the MOCVD technique. Various characterization methods were performed to study the strain for different sizes. The output power and EQE characteristics show that the optical performance can be enhanced when the PG micro-LED size is reduced from 1,000 μm × 1,000 µm–100 μm × 100 µm. The improved EQE is due to the reduced QCSE in the InGaN/GaN quantum wells for those PG micro-LEDs. However, for the 50 μm × 50 µm size, the optical performance is limited by the smallest effective lighting area and additional defects induced by higher indium incorporation. Therefore, in our case, the 100 μm × 100 µm size delivers the highest output power and EQE. In summary, our experimental results indicate that to obtain high-quality epitaxy based on partitioned growth, a small size is needed provided that the defects density and margin ratio are carefully controlled. Since the partitioned growth method is easy and low-cost to apply to the sapphire substrate LEDs growth process, such directly grown micro-LEDs hold great promise for being adopted in commercial product lines.
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To meet the requirement of indoor R/G/B monochrome illumination a simplified OLEDs structure and fabrication process must occur. Herein, a design philosophy of low efficiency roll-off and simple-structure OLEDs incorporating R/G/B phosphorescent ultrathin non-doped emissive layers (EMLs) within non-exciplex forming interfaces a luminescent system by a direct charge trapping mechanism has been reported, which uses bis(2-methyldibenzo[f,h]-quinoxaline)(acetylacetonate)iridium(III) (MDQ)2Ir(acac), bis(3-phenylpyridin-e)iridium(III) (Ir(ppy)3), and bis(3,5-difluoro-2 -(2-pyridyl)phenyl-(2-carboxypyridyl) iridiumII) (Firpic) as R/G/B luminescent dyes, respectively. Although the recombination zone is narrow in the designed OLEDs, the efficiency roll-off of the designed OLEDs are unexpectedly slow, due to stable charge trapping of the emitters and are refrained from concentration quenching in relatively low current density, but the luminance meets the requirement of indoor lighting. With a low threshold voltage of 2.9/2.9/3.5 V, the designed R/G/B phosphorescent OLEDs show an efficiency roll-off as low as 7.6/3.2/4.3% for indoor luminance from 10 cd/m2 to 1,000 cd/m2, respectively. The perspective of R/G/B luminescent dyes on luminous efficiency, chromaticity coordinate drifts, efficiency roll-off, and direct charge trapping has been thoroughly studied. Therefore, our research may help to further develop ideal indoor lighting using a simplified undoped R/G/B OLEDs structure with simultaneous ultraslow efficiency roll-off, low threshold voltage, simplified fabrication process, low reagent consumption, and cost.
Keywords: indoor illumination, OLEDs, efficiency roll-off, simple structure, direct charge trapping
INTRODUCTION
As an energy conserving and environmentally friendly healthy organic semiconductor illumination apparatus, organic light emitting diodes (OLEDs) have been widely applied in health lighting sources and displays due to their excellent properties since being invented by Tang and VanSlyke (1987) and Burroughes et al. (1990) based on small molecule and conjugated polymers, respectively. However, conventional OLED products are still rather expensive for consumers (Thejokalyani and Dhoble, 2014). Hence, it is imminently required to reduce the cost of products by simplifying the OLED structure and fabrication technology. OLEDs with a doping-free ultrathin emissive layer (UEML) have aroused research interest and have been developed rapidly due to their simple structure and easily fabrication which removes the need for doping and needs fewer sensors, which therefore reduces the requirement for equipment and lowers the cost of the OLEDs (Liu et al., 2016b; Xu L. et al., 2016). Two main aspects are promoting this field development. On the one hand, OLEDs with UEML have advanced rapidly with novel UEML materials (e.g., new complexes (Zhang et al., 2012), TADF (Zhang Q. et al., 2014; Hirata et al., 2015; Zhang et al., 2015; Ahn et al., 2019), and AIE (Liu et al., 2016a; Ruan et al., 2016). Simplified doping-free white OLED (Liu et al., 2014a) and yellow-orange OLED (Liu B. et al., 2015) are achieved based on a Pt(II)-based complex emitter that achieves rather low operating voltages and high power efficiencies (Wang et al., 2014). An efficient and concentration-insensitive metal‐free thermally activated delayed fluorescence (TADF) material was reported and applied in undoped OLEDs by the Adachi group (Zhang et al., 2015). Aggregation-induced emission (AIE), color tunable, efficient undoped OLEDs and good mechanochromic properties were confirmed (Ruan et al., 2016). On the other hand, a deeper understanding of device physics, photophysics (e.g., exciplex (Park et al., 2013; Seino et al., 2014; Shin et al., 2014), electroplax (Wang et al., 2004; Yang et al., 2009; Luo et al., 2017), excimer (Chen et al., 2016), or TADF (Lin et al., 2018) property), and novel device structure with efficient exciton harvesting (Schwartz et al., 2007; Wang et al., 2009; Cui et al., 2016) also play a key role in the development of OLEDs with UEML. The Cao group fabricated a novel white OLED with a doping-free process (Liu et al., 2014b; Liu et al., 2016b). The He group designed an inverted OLED with UEML (Liu et al., 2014), which was suitable for a display driven by an active matrix transistor backplane (Lee et al., 2008). The Ma group fabricated a highly efficient and simple monochrome OLED based on UEMLs within an exciton confinement energy band structure while a deeper understanding of the exciplex formation of TCTA and TmPyPB was not clearly pointed out (Zhao et al., 2013). The Ma group also designed a novel white OLED applied with an exciplex co-host and UEML in one device (Wang et al., 2016). The Lee group managed excitons distribution in TADF (Liu et al., 2015a) and white OLEDs (Liu et al., 2015b) by an exciplex energy transfer (Cui et al., 2015). We also developed a device design philosophy of OLEDs using mixed bulk (Xu et al., 2017b; Xu et al., 2019) or an interface exciplex forming host (Xu et al., 2017c), UEMLs (Xu et al., 2018b), double UEMLs (Xu et al., 2016b), or a tandem structure (Xu et al., 2018a) as a synergistic strategy (Xu et al., 2017a) toward a simplified OLED structure (Zhang et al., 2018) and fabricated the process without sacrificing device efficiency due to improving the energy transfer process. Nowadays, the indoor conditions of photovoltaic devices under low-illuminance conditions have been extensively researched as a specialized issue (Cui et al., 2017), (Xu et al., 2016a). Meanwhile, researchers rarely pay specialized attention to indoor lighting as the energy source of indoor photovoltaics. According to the international standard of the Commission Internationale de L'Eclairage (CIE): the lighting of indoor work places (ISO 8995:2002 CIE S 008/E:2001) (Rabich et al., 2017), and the corresponding brightness of interior illumination is generally from 10 to 1,000 cd/m2.
Herein, we designed and fabricated monochrome red, green, and blue phosphorescent OLEDs based on non-doped UEMLs to meet the requirement of indoor R/G/B monochrome illumination. Particularly, it is observed that the non-doped UEML-based OLEDs generally show very slow efficiency roll-off and low threshold voltage, which is fitting for indoor lighting in low current density with a brightness from 10 cd/m2 to 1,000 cd/m2. Moreover, the maximum power efficiency reached 5.766 lm/w at 177.8 cd/m2, 15.74 lm/w at 99.27 cd/m2, and 2.277 lm/w at 252.2 cd/m2 for the R/G/B monochrome OLEDs, respectively. The perspective of R/G/B luminescent dyes on luminous efficiency, chromaticity coordinate drifts, efficiency roll-off, and charge trapping mechanism has been thoroughly studied. Therefore, our work helps to develop ideal indoor lighting using a simplified undoped R/G/B OLED structure with simultaneous slow efficiency roll-off, low threshold voltage, simplified fabrication, low reagent consumption, and cost.
EXPERIMENT DETAILS
All OLED devices were fabricated based on the same glass substrate pattern with a conducting indium-tin-oxide (ITO) anode and a sheet resistance lower than 20 Ω/square. The substrate fabrication was followed by a routine cleaning process (Xu et al., 2016a). The basic structure of the devices is a ITO/MoO3 (1 nm)/4′-bis(carbazol-9-yl) biphenyl (CBP) (35 nm) /Ultrathin emitter (0.3 nm)/1,3,5-Tris(N -phenylbenzimidazol -2-yl)benzene (TPBi) (65 nm)/LiF (1 nm)/Al (100 nm), in which the schematic parameter diagram and energy level diagram of the device structures are shown in Figures 1A, B, including MoO3 and CBP which act as the hole injection layer (HIL) and hole transporting layer (HTL). LiF and TPBi are used as the electron injection layer (EIL) and electron transporting layer (ETL). A 1 nm thick thermally evaporated MoO3 layer was deposited on top to achieve a high work function for the hole injection into CBP. The phosphorescent dyes in this study were bis(3-phenylpyridine)iridium(III) [Ir(ppy)3] for green in device A, bis(2-methyldibenzo[f,h]-quinoxaline) (acetylacetonate) iridium(III)[(MDQ)2Ir(acac)] for red in device B, and bis(3,5-difluoro-2 -(2-pyridyl)phenyl-(2-carboxypyridyl)iridium III (FIrpic) for blue in device C. Figure 1C shows the molecular structures of Ir(ppy)3, Ir(MDQ)2(acac), Firpic, TPBi, and CBP, respectively.
[image: Figure 1]FIGURE 1 | (A) Schematic device structure and (B) corresponding energy-level diagram of the devices considered in this work as well as (C) the molecular structure and triplet energies (T1) of the materials used.
RESULTS AND DISCUSSION
Lots of researchers have proposed two primary mechanisms for the exciton process in OLEDs: host-guest energy transfer and direct charge trapping of the guest. Exciton formation occurs directly on the guest molecules, which play an important role in balancing charge injection. This direct charge trapping on the guest can be confirmed by the dependence of the drive voltage and electroluminescence spectrum on guest concentration (Holmes et al., 2003). The light emission mechanism of OLEDs with a mixed co-host emitting layer was also studied using an exciplex-type mixed co-host and an exciplex free mixed co-host (Song and Lee, 2015). The light emission process in the interface of exciplex-type OLED devices was dominated by energy transfer while the interface of non-exciplex type devices was dominated by a charge trapping emission mechanism (Wang et al., 2016). In this research, a design philosophy of low efficiency roll-off and simple-structure OLEDs incorporating R/G/B phosphorescent non-doped UEMLs within a non-exciplex forming interface luminescent system by a direct charge trapping mechanism was proposed. The device structures and the energy levels of the designed OLEDs are shown in Figure 1A,B.
In working OLEDs, firstly, electrons and holes can be easily injected from the ITO anode and aluminum cathode under driving voltage, respectively. Then, electrons and holes go through ETL/HTL and meet to form excitons. There were some differences between devices A, B, and C. Under voltage from 2.9 to 4.9 V with a corresponding luminance from 10 cd/m2 to 1,000 cd/m2, the luminance of device A was linear to the logarithmic coordinate voltage of device A as shown in Figures 2A,B, and the current efficiency roll-off of device A was as low as 7.6%. As to the chromaticity coordinate of device A, the CIE(x,y) was nearly unchanged from 2.9 to 4.9 V as shown in Figure 2C. This phenomenon is indicative of the direct charge trapping of Ir(ppy)3 as the luminescent dye of device A was quite effective in a low current density. Lastly, as the voltage increased after exceeding 5 V with a corresponding luminance of 1,000 cd/m2, the luminance of device A showed a gradual invariant with fast efficiency roll-off. There are three main reasons for this phenomenon. Firstly, the values of HOMO and LUMO of TPBi are closed to CBP as shown in Figure 1B, the energy level cannot block the leak current in a high current density, and carriers meet to form excitons in wide bandwidth HTL/ETL for inefficient lighting. Secondly, the direct charge trapping of Ir(ppy)3 as the luminescent dye of device A is saturated in high current density, while device performance is also saturated without assisting the energy transfer process (Forster energy transfer and Dexter energy transfer) in a non-exciplex system. Thirdly, the triplet state energy levels (T1) of CBP (2.55 eV) and TPBi (2.67 eV) could not be confirmed for luminescent dye Ir(ppy)3 (2.47 eV) in high voltage leading to drifting of excitons into a wide bandwidth HTL/ETL for inefficient lighting. Therefore, the chromaticity coordinate CIE(x,y) of device A was remarkably changed following the direction as the voltage increased after exceeding 5 V as shown in Figure 2C.
[image: Figure 2]FIGURE 2 | (A) Current density-voltage-luminance characteristics, (B) current efficiency-luminance-power efficiency characteristics, and (C) chromaticity coordinates of green OLEDs.
As seen in Figure 3A and Figure 4A, under low voltage with corresponding luminance from 10 to 1,000 cd/m2, the luminance of devices B and C were linear to the logarithmic coordinate voltage of devices B and C. The current efficiency roll-off of devices B and C were as low as 3.2 and 4.3% in as shown in Figure 3B and Figure 4B, respectively. The CIE(x,y) of devices B and C were nearly unchanged under low voltage while the CIE(x,y) of devices B and C changed remarkably following the direction as the voltage increased after exceeding 5–6 V as shown in Figure 3C and Figure 4c.
[image: Figure 3]FIGURE 3 | (A) Current density-voltage-luminance characteristics. (B) Current efficiency-luminance-power efficiency characteristic. (C) Chromaticity coordinate of red OLEDs.
[image: Figure 4]FIGURE 4 | (A) Current density-voltage-luminance characteristics. (B) Current efficiency-luminance-power efficiency characteristic. (C) Chromaticity coordinate of blue OLEDs.
Thanks to the equal thickness of devices A, B, and C, the J-V-L curves of the phosphorescent dyes were different as shown in Figures 2A,B, Figures 3A,B, and Figures 4A,B. In low working voltage, there was no significant difference for J-V among devices A, B, and C implying that exciton quenching or the nonradiative decay of excitons was greatly suppressed by the direct charge trapping of this simple UEML within the non-exciplex interface TPBi/CPB. However, the efficiencies of the OLEDs with UEML were affected by the phosphorescent dyes with different T1 levels. The case of CPB or TPBi as the host with exciton formation as the guest should be similar to this OLED with non-doped UEML by direct charge trapping. The utilization of the non-doped UEML structure yields high efficiencies for the green OLED with Ir(ppy)3 as the UEML, while the efficiencies of the red and blue OLEDs with (MDQ)2 Ir(acac) and Firpic were not as high as the green dye on account of relatively low PLQY, which was similar in the host-guest doping system. The non-doped UEML was constructed by introducing a 0.3 nm thin layer of pure phosphorescent dyes between the HTL and ETL layer. The maximum current efficiency reached 15.74 lm/w at 99.27 cd/m2, 5.77 lm/w at 177.8 cd/m2, and 2.28 lm/w at 252.2 cd/m2 for the green, red, and blue monochrome OLEDs, respectively.
To further explore the working mechanism of the designed OLEDs with UEML in high current density, Supplementary Figure S1 shows the electroluminescence (EL) spectra of the non-doped OLEDs with UEML for the R/G/B phosphorescent dyes at the higher voltage of 8 V. It can be seen that device A with Ir(ppy)3 and device B with Ir(MDQ)2 (acac) show pure dye emission due to the high T1 level of CPB and TPBi confirming direct charge trapping excitation in the relatively lower T1 level of Ir(ppy)3 or Ir(MDQ)2 (acac) in high current density. In device C with FIrpic, it is interesting that the EL spectra peak around 380 nm showed the characteristics of host materials intramolecular luminescence in TPBi (Zhang T. et al., 2014) rather than in CBP (Park et al., 2011), which indicates exciton diffusion into TPBi. This may have been due to ETL occurring intensely or due to the charge carrier recombination zone in TPBi, and then radiative decay which emitted light into TPBi in a primary way. There was also a secondary peak around 450 showing the dye emission of FIrpic due to direct charge trapping of FIrpic to form exciton, but the EL of FIrpic was much weaker than the emitted light in TPBi due to the relatively low efficient exciton energy transfer from TPBi (Jang et al., 2011) to FIrpic as shown in Supplementary Figure S1. Moreover, there was a wide peak around 700 nm which shows the characteristics of inter-molecular overlay of the red-shifted excimer of phosphorescence (Kalinowski et al., 2007). Low direct charge trapping of FIrpic, exciton diffusion to ETL, and low efficient exciton energy transfer from TPBi to FIrpic led to the low efficiency of device C in high current density.
The J-V-L characteristics, the CE-L-PE characteristics, and the chromaticity coordinate of the device A are shown in Figures 2A–C, separately. Similarly, Figure 3 and Figure 4 show the corresponding performance of device B and device C. The turn-on voltages (Von) (which are defined as a luminance of 1 cd /cm2) of devices A and B were as low as 2.9 V, and device C was 3.5 V as summarized in Table 1. The maximum current and power efficiency (ηc max, Pmax) of (17.5 cd/A, 15.7 lm/W), (6.9 cd/A, 5.8 lm/W), and (2.98 cd/A, 2.3 lm/W) were obtained in devices A, B, and C, respectively. And the maximum brightness of devices A, B, and C were as high as 20,700, 13,210, and 3,740 cd/m2, respectively. The phosphorescence dyes have different capabilities to trap the charge carriers directly leading to different efficiencies in the OLEDs with UEML.
TABLE 1 | A summary of OLEDs with non-doped UEML.
[image: Table 1]In low working voltage, the power efficiency of the blue dye OLEDs with non-doped UEML was as high as the red one. The utilization of this kind of non-doped UEML within non-exciplex forming interfaces can be appropriate for R/G/B dyes. All the monochrome R/G/B OLEDs based UEML show relatively high efficiency and ultraslow efficiency roll-off in low driving voltage, the non-doped UEML structure within a non-exciplex forming interface has broad adaptability for most phosphorescent dyes with ultraslow efficiency roll-off in low driving voltage. As there is relatively few reports on non-exciplex forming interfaces as direct charge tapping structures that have such broad adaptability for phosphorescent dyes with ultraslow efficiency roll-off in low driving voltage, our technical route offers a brief scheme to achieve indoor lighting requirements. Further, in order to clearly describe the work mechanism of this device structure, a physical model of exciton dynamics in OLED with non-doped UEML is proposed in Figure 5.
[image: Figure 5]FIGURE 5 | (A) Energy diagrams and carrier transfer route of proposed OLEDs. (B) Triplet energy level T1 of CBP, TPBi, Ir(MDQ)2(acac), Ir(ppy)3, and FIrpic.
The higher turn on voltage for device C suggests that the excitons from direct charge trapping are not efficient comparing with devices A and B. As depicted in Figure 5A, some of the carriers would enter into the UEMLs as deep as 3 nm (Zhao et al., 2012), and then would recombine in the organic layers, while the direct charge carrier recombination on phosphorescent dyes would generate dye emission due to the thin nature of non-doped UEML. These excitons may either transport their energy from ETL or HTL to the EML. The efficiency of OLEDs with Ir(MDQ)2 (acac) was lower than that of OLEDs with Ir(ppy)3 since the LUMO energy level of Ir(MDQ)2 (acac) was nearly equal to the LUMO energy level of CBP and TPBi. There was also no doubt that the capability of Ir(MDQ)2 (acac) to direct charge trapping was weaker than that of Ir(ppy)3 in the same thickness. From the OLED-based UEML, the energy transport process from the ETL/HTL to the EML was much more than that of exciton diffusion in device A and device B. Meanwhile, as depicted in Figure 5B, thanks to the higher T1 exciton between the transporting layers of T1 of CBP and TBPi, the excitons generated were effectively confined in the UEML for the Ir(MDQ)2 (acac) and Ir(ppy)3 dyes. As to the blue OLED with FIrpic, the efficiency of the OLEDs with FIrpic was lower than that of OLEDs with Ir(ppy)3 since the T1 energy level of FIrpic was higher than that of CBP. Although the recombination zone is narrow in the designed OLEDs, the efficiency roll-off of the designed OLEDs are unexpectedly slow mainly due to the stable charge trapping of the emitter and avoiding concentration quenching in relatively low current density for the requirements of indoor lighting. With a low threshold voltage of 2.9/2.9/3.5 V, the designed R/G/B phosphorescent OLEDs show an efficiency roll-off as low as 7.6/3.2/4.3% in the indoor luminance intensity range from 10 to 1,000 cd/m2, respectively.
CONCLUSION
In summary, we succeeded in applying a series of R/G/B ultrathin non-doped phosphorescent dye layers into non-exciplex forming interfaces as a cost-effective method to realize OLEDs with ultraslow efficiency roll-off and low driving voltage to satisfy indoor R/G/B illumination requirements in low driving voltage. This device structure shows great superiority in easy fabrication, low-cost, and high-efficiency when compared to compact fluorescent lamps due to the highly simplified ultrathin and undoped emitters. This technical route has high value for the future of indoor solid-state lighting applications.
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Free-standing GaN substrates are urgently needed to fabricate high-power GaN-based devices. In this study, 2-inch free-standing GaN substrates with a thickness of ~250 μm were successfully fabricated on double-polished sapphire substrates, by taking advantage of a combined buffer layer using hydride vapor phase epitaxy (HVPE) and the laser lift-off technique. Such combined buffer layer intentionally introduced a thin AlN layer, using a mix of physical and chemical vapor deposition at a relatively low temperature, a 3-dimensional GaN interlayer grown under excess ambient H2, and a coalescent GaN layer. It was found that the cracks in the epitaxial GaN layer could be effectively suppressed due to the large size and orderly orientation of the AlN nucleus caused by pre-annealing treatment. With the addition of a 3D GaN interlayer, the crystal quality of the GaN epitaxial films was further improved. The 250-μm thick GaN film showed an improved crystalline quality. The full width at half-maximums for GaN (002) and GaN (102), respectively dropped from 245 and 412 to 123 and 151 arcsec, relative to those without the 3D GaN interlayer. The underlying mechanisms for the improvement of crystal quality were assessed. This method may provide a practical route for fabricating free-standing GaN substrates at low cost with HVPE.

Keywords: free-standing GaN substrate, LT-AlN, pre-annealing, combined buffer layer, 3D GaN interlayer, HVPE


INTRODUCTION

GaN-based devices have experienced important development for applications in light-emitting diodes, radio frequency devices, and electronics (Sandvik et al., 2001; Chai et al., 2018; Li et al., 2018). However, these devices are generally constructed on foreign substrates, such as SiC, Si, and patterned sapphire substrates (PSSs). For short-wavelength laser diodes and for high-power and high-frequency devices, native GaN substrates have many advantages, such as their low level of current leakage and long lifetimes due to the high quality of the active epitaxial layer, accompanied by low dislocation densities and a lower level of lattice distortion, derived from homo-epitaxy (Liu et al., 2017; Sumiya et al., 2017; Han et al., 2018).

Generally speaking, hydride vapor-phase epitaxy (HVPE) is the most commonly used technique to obtain free-standing GaN substrates, due to the high growth rate it produces and its low cost (Fujito et al., 2009). Normally, the procedure for fabricating free-standing GaN substrates includes the following steps. First, a GaN template with a low temperature GaN buffer layer (LT-GaN), grown with metal organic chemical vapor deposition (MOCVD) is used for the re-growth of GaN film in HVPE. Following that, a GaN film, with a thickness of several 100 μm, is then separated from its foreign substrate using self-separation (Lee et al., 2009) or the laser lift-off (LLO) technique (Paskova et al., 2006). However, the residual strain and lattice distortion caused by hetero-epitaxy could not be completely suppressed using the LT-GaN buffer layer method. It has recently been reported that the crystal quality of GaN film and related devices were improved when the LT-GaN buffer layer was replaced with a thin AlN buffer layer on both PSS and plain sapphire substrate, due to the improvement of the crystal quality of the GaN nucleation layer (Chen et al., 2015, 2016). The AlN buffer layer can also be used in a cost-effective way because it can be deposited either through a sputter or with physical vapor deposition (PVD), using cheaper appliances than MOCVD.

In this study, GaN thick film was directly grown on a double-polished sapphire substrate with a LT-AlN buffer layer using HVPE. The GaN thick films grown on a pre-annealed LT-AlN layer and a 3-dimensional (3D) GaN interlayer grown under the excess ambient H2, the variation in the morphology and crystal quality of LT-AlN and GaN films were studied with differential-interference contrast microscopy (DICM), atomic-force microscopy (AFM), and X-ray diffraction (XRD). The behaviors of GaN nucleation were also investigated, and they further testify to the effects of pre-annealing the LT-AlN layer. Two-inch free-standing GaN substrate with a high crystal quality was obtained with LLO.



MATERIALS AND METHODS

A thin AlN buffer layer (labeled LT-AlN) with a thickness of 30 nm was deposited on the surface of commercial double-polished sapphire substrates at a temperature below 200°C using a mix of physical and chemical vapor deposition system (Liu et al., 2018). The LT-AlN can be clearly observed in the SEM image in Figure 1A. All of the sapphire substrates that were covered with LT-AlN in the experiment had previously been cleaned and dried using a routine process (Liu et al., 2016).


[image: Figure 1]
FIGURE 1. (A) SEM image of a cross-section of a double-polished sapphire covered with LT-AlN. (B–D) Schematic diagrams of the processes designed for GaN growth.


First, to investigate the effects of the annealing process of LT-AlN on the growth of the GaN film on top of it, comparative studies were performed under normal growth conditions (NGCs) using HVPE, as shown in Figure 1B. Samples that did not undergo pre-annealing treatment were called sample A. Sample B samples were annealed under mixed gases N2/NH3 gases at 3/1 and 1070°C for 8 min prior to the GaN epitaxial growth. Then, samples A and B were loaded into our home-made HVPE reactor for thick GaN film growth. During the NGC processing, the carrier gas was a mixture of N2 and H2 (N2/H2 = 1/1). The growth pressure and the V/III ratio of source gases was set to 550 torr and 800/20, respectively. Under these conditions, a thick GaN layer, with thicknesses ranging from 20 to 250 μm, was grown on the LT-AlN at 1070°C.

A modified structure with a 3D GaN interlayer was then proposed, as shown in Figure 1C. In this structure, samples (labeled sample C) were first annealed under the same conditions as sample B, and then extra H2 gas at a flow rate of 10 slm was added into the growth zone during HVPE growth. Here, the V/III ratio of source gases was set to 100/1 for the 3D GaN interlayer growth for about 1000 s. For sample D, shown in Figure 1D, the V/III ratio of source gases was changed to 60/1 to initiate the coalescence growth of the GaN layer for another 1000 s (Zhao et al., 2007) after the series of processes for sample C were completed. Then, a normal GaN layer was then programmed for growth for 1–3 h.

The surface and cross-sectional morphologies of the samples were characterized with DICM, AFM, and scanning electron microscope (SEM). The DICM was implemented with a Leica DM 2700 RL, and the AFM tapping mode was performed in Bruker Dimension ICON. The SEM images were obtained using a field-emission scanning electron microscope (Zeiss, SIGMA 300), and energy dispersive spectroscopy (EDS) testing was conducted with a Bruker Quantax 400 system. High-resolution XRD was measured using a Bruker D8 Discovery system.



RESULTS AND DISCUSSION


Effects of Pre-annealing of LT-AlN on the Crystalline Quality of GaN Film

Figure 2 shows the AFM images and the XRD measurements for LT-AlN with and without annealing treatment. As shown in Figures 2A,B, after annealing treatment, the surface roughness of the AlN film increased from 0.27 to 1.20 nm, and the nucleus of AlN exhibited an obvious hexagon columnar structure, indicating a highly oriented and increased crystal quality for the AlN nucleus. In addition, the size of the nucleus of AlN was larger than it was before annealing treatment.


[image: Figure 2]
FIGURE 2. AFM images of LT-AlN without (A) and with (B) annealing treatment. (C) ω-2θ scan patterns of the (002) plane peak of LT-AlN with and without annealing treatment. (D) Magnification of (C).


The results of the ω-2θ scan patterns for the (002) peak of LT-AlN with high-resolution XRD characterization also confirmed the improvement of the crystal quality of the AlN nucleus after the annealing process, as shown in Figures 2C,D. After the annealing treatment, the intensity of the (002) peak of LT-AlN film showed an obvious increase, which indicates an improvement for the AlN crystal quality, mainly due to obvious grain coarsening and orientation following annealing, as shown in Figure 2B (Okuno et al., 2013).

The GaN film was grown on LT-AlN substrates under NGCs with HVPE. Figure 3 shows photographic and optical microscopic images for samples A and B. When the LT-AlN was not annealed before the GaN growth, in sample A, the GaN layer with a thickness of 20 μm demonstrated a gray color, as shown in Figure 3A, and mesh-like sub-surface cracks appeared in the DCIM in Figure 3B. Furthermore, as shown in Figure 3C, the GaN film and its substrate cracked into pieces when the thickness reached ~100 μm. However, as shown in Figures 3D,F, for sample B with LT-AlN pre-annealed at 1070°C, the GaN film with the same thickness as sample A brightens and becomes transparent. In the more detailed image shown in Figure 3E, most of the GaN film showed smooth, stepwise formation with no cracks. This confirms that the majority of cracks in the GaN film were effectively suppressed by pre-annealing of LT-AlN at high temperatures, although local micro-cracks continued to exist, as shown in the insert to Figure 3E. Thus, pre-annealing LT-AlN is a main factor for the improvement in the quality of the crystal for the GaN film, which is in accordance with previous reports (Liu et al., 2009; Yoshizawa et al., 2018).


[image: Figure 3]
FIGURE 3. Photographic and optical microscopic images of GaN films grown above LT-AlN with no annealing treatment (A–C) (sample A) and with annealing pre-treatment (D–F) (sample B) [the thicknesses of GaN for (A,D,C,F) are 20 and 100 μm, respectively]. (B,E) Microscopic images of the dot white rectangle of (A,D), respectively, where the insert of (E) shows the local micro-crack in (D).


It has been reported that the crystal properties of the GaN layer were mainly determined by the properties of the underlying AlN buffer layer through an influence on the nucleation of GaN (Yoshizawa et al., 2018). To study the underlying growth mechanism, the evolution of the surface morphology of GaN nucleation advanced with time was observed (Figure 4). First, AFM images of the GaN nucleation layer grown by HVPE for 10 and 20 s on top of LT-AlN without annealing are exhibited in Figures 4A,B, respectively. Moreover, Figures 4C–E shows a time series of AFM images of the GaN nucleation layer grown by HVPE for 10, 20, and 40 s on LT-AlN with annealing pre-treatment, respectively. From these images, it is clear that the behavior of the GaN nucleation on the pre-annealed LT-AlN was significantly different from that appearing under no annealing treatment. For the no-annealing sample, the GaN nucleation layer began to merge at 10 s, and many deep pits formed as a result, as shown in Figure 4A. These pits became larger with time, as shown in Figure 4B. These large pits then became the source of cracks and further expanded as the GaN film grew, as shown in Figures 3A–C. However, for the annealed sample, nucleation formed 3D GaN islands at 10 s, as shown in Figure 4C, and then these islands enlarged in a clear stepwise formation as shown in Figure 4D. Finally, the nucleation layer for GaN coalesced with smaller pits until 40 s, as shown in Figure 4E. This delayed coalescence behavior for the GaN nucleation layer blocked the propagation of dislocation and of cracks, which led to an improvement in the crystal quality of the GaN film grown on the annealed LT-AlN film (Shang et al., 2015).


[image: Figure 4]
FIGURE 4. AFM images of GaN nucleation layer of sample A (A,B) and sample B (C–E). Nucleation layer growth times were set to 10 s for (A,C), 20 s for (B,D), and 40 s for (E).




Growth of Crack-Free 2-Inch GaN Thick Wafers With High Crystal Quality Using CBL

According to the above analyses, the crystal properties of GaN film grown under NGCs were greatly improved by the use of pre-annealed LT-AlN. However, as shown in Figure 3E, sub-surface micro cracks also appeared that would detract from the ability to obtain a thick GaN film and a free-standing GaN substrate. It has been reported that the lateral overgrowth of GaN could be passivated under rich ambient H2 gas and change the GaN nucleus into 3D islands for the use of both MOCVD (Tadatomo et al., 1999) and the HVPE technique (André et al., 2012; Lekhal et al., 2016). This results in high single-crystal quality for GaN film, due to dislocation bending and termination on the inclined planes (Hiramatsu et al., 2000; Imade et al., 2011). Optical microscopic images for sample C are shown in Figures 5A–C. Here, a 3D GaN interlayer grown under an excess large flow of H2 gas was introduced on top of the annealed LT-AlN, and the growth process was immediately terminated when the GaN 3D interlayer growth was accomplished. In relation to the picture focused on the surface of the GaN 3D interlayer, as shown in Figure 5A, multiple surface pits larger than 10 μm were obtained by adding an additional high flow rate for the H2 gas. Moreover, as shown in Figure 5B, the image showing near interface between the GaN 3D interlayer and the LT-AlN-covered sapphire substrate demonstrates that a large number of islands formed among the pits. The depth of the deepest pits was ~4.8 μm, as shown in the cross-section in Figure 5C.


[image: Figure 5]
FIGURE 5. Optical images of the GaN 3D interlayer grown on LT-AlN with annealing pre-treatment focused on the surface (A) and near the interface between the GaN epitaxial layer and the LT-AlN-covered sapphire substrate (B). (C) Microscopic mage of the cross-section of (A). (D) Photographic image of sample D. Microscope images of the dotted white rectangle in (D) when focused on surface morphology (E) and near the interface between GaN epitaxial layer and the LT-AlN-covered sapphire substrate (F).


A 2-inch GaN wafer with a thickness of 250 μm (sample D) was obtained by adding a coalescence GaN layer and a normal GaN layer above the sample C. In the photographic image presented in Figure 5D, it can be seen that sample D is extremely bright and transparent, and the morphology and crystal quality of the GaN film are greatly improved by the perfect stepwise formation seen in Figure 5E. From the XRD rocking curve, measured with a slit width of 0.5 mm, the FWHMs of (002) and (102) for the XRD in sample D decreased from 245 and 412 to 123 and 151 arcsec, respectively, compared to sample B, grown under NGCs. Focusing on the interface between the GaN epitaxial layer and the LT-AlN covered sapphire substrate, shown in Figure 5F, many dense GaN 3D islands can be seen. It can be speculated that the shape of GaN islands could be kept unchanged for longer, and the coalescence could be delayed by adding a mass flow of H2 gas. In addition, the formation of GaN 3D islands could enhance the crystal quality and relax the stress. On the basis of these analyses, therefore, it can be concluded that combing the pre-annealing of the LT-AlN and adding the extra high flow rate of H2 gas could effectively improve the properties of the epitaxial GaN film due to the increased size and crystalline quality of the AlN nucleus by annealing, along with the 3D GaN interlayer formed by adjusting the lateral growth by H2 gas.



Fabrication of a 2-Inch Free-Standing GaN Wafer Using LLO

The sapphire substrate of sample D, shown in Figure 5D, was removed with LLO, and a 2-inch free-standing GaN wafer was obtained. As seen in Figure 6A, it was found that the black parts existing on the N-face of the free-standing GaN substrate could not be dissolved in hot hydrochloric acid (HCl), as shown in the insert to Figure 6A. Figure 6B shows the SEM image for the local area of 2-inch free-standing GaN substrate after immersion in hot HCl at 50°C for 30 min, and EDS mapping analyses for the elements N, Ga, Al, and O are shown in Figures 6C–F, respectively. A much denser pattern of blue dots denoted as N elements are shown in Figure 6C, and red dots denoted as Ga elements are shown in Figure 6D confirm that the left part of the picture in Figure 6B is GaN film. Moreover, the much brighter and denser violet dots, representing Al, as shown in Figure 6E, and yellow dots, representing O, shown in Figure 6F illustrate that the bugle on the right part of the picture in Figure 6B is really a residual part of an oxidized AlN layer. Thus, it is speculated that part of the LT-AlN layer below the pits might be melted due to giant local heat instantaneously released from the decomposition of the GaN with the laser, which might primarily attack the pits formed within the 3D GaN layer, and the black parts existing on the N-face of a GaN free-standing substrate as the residual parts of the LT-AlN layer, which did not melt during the LLO process. This partly melted LT-AlN layer may act as a protecting buffer layer, blocking the shock-wave during LLO process (Safadi et al., 2005; Su et al., 2013).


[image: Figure 6]
FIGURE 6. (A) Photographic image of 2-inch free-standing GaN wafer in Figure 5D after the sapphire substrate is removed with LLO. (B) SEM image for local area of insert of (A) after immersion in hot concentrated HCl at 50°C for 30 min. (C–F) EDS mapping analyses for the elements N, Ga, Al, and O in (B), respectively.





CONCLUSION

In summary, 2-inch crack-free free-standing GaN substrates with high crystal quality were obtained using the CBL and LLO techniques. Large AlN nuclei with an orderly orientation were obtained by annealing at high temperature, which led to the improvement of the crystal quality of GaN nuclei grown on it. Moreover, the addition of an excessive large flow of H2 gas during HVPE growth further increased the size of the GaN nucleus and delayed the coalescent growth as well. Therefore, the combination of LT-AlN and a 3D GaN interlayer plays a critical role in improving the properties of GaN film grown on top of it. In the meantime, LT-AlN buffer layer may have protected GaN film from rupture by partial melting during LLO processing, and thus a crack-free 2-inch free-standing GaN substrate was obtained. This suggests that the CBL method might be useful for the fabrication of free-standing GaN substrates and GaN-based devices.
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Though solar cells are one of the promising technologies to address the energy crisis, this technology is still far from commercialization. Thermoelectric materials offer a novel opportunity to convert energy between thermal and electrical aspects, which show the feasibility to improve the performance of solar cells via heat management and light harvesting. Polymer–inorganic thermoelectric nanocomposites consisting of inorganic nanomaterials and functional organic polymers represent one kind of advanced hybrid nanomaterials with tunable optical and electrical characteristics and fascinating interfacial and surface chemistry. During the past decades, they have attracted extensive research interest due to their diverse composition, easy synthesis, and large surface area. Such advanced nanomaterials not only inherit low thermal conductivity from polymers and high Seebeck coefficient, and high electrical conductivity from inorganic materials, but also benefit from the additional interface between each component. In this review, we provide an overview of interfacial chemistry engineering and electrical feature of various polymer–inorganic thermoelectric hybrid nanomaterials, including synthetic methods, properties, and applications in thermoelectric devices. In addition, the prospect and challenges of polymer–inorganic nanocomposites are discussed in the field of thermoelectric energy.
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INTRODUCTION

Thermoelectric materials represent a functional material capable of direct mutual conversion between heat and electricity. As an alternative strategy for conventional power generation, thermoelectric devices with less size, noise, and pollution have important application prospects (Wang et al., 2010). For instance, thermoelectric devices enable the effective utilization of the previously wasted heat, thus providing promising solutions for optimizing power generation technologies and improving fuel energy efficiency (Sales, 2002; Bell, 2008). Moreover, advanced techniques such as solar cells are also benefited due to the heat management and light harvesting of thermoelectric devices (Jurado et al., 2019; Xu et al., 2019). The corresponding thermoelectric performance is defined as thermoelectric figure of merit ZT: ZT = S2Tσ/κ, where S is thermoelectric power or Seebeck coefficient, T is absolute temperature, σ is electrical conductivity, and κ is thermal conductivity. In order to obtain a large value of ZT, the material should possess high S, high σ and low κ. However, it remains a grand challenge to achieve all these features in one material as properties are interrelated. For example, based on the Wiedemann–Franz law, an increase in σ usually leads to larger κ (Carrete et al., 2012). To this end, hybrid thermoelectric materials such as polymer–inorganic nanomaterials have shown the feasibility to solve the issues of a single thermoelectric material.

Polymer–inorganic nanomaterials are an emerging and functional hybrid. They not only inherit the advantageous characteristics from each component such as high σ and S of inorganic materials, and low κ of polymeric materials, but they also possess novel interfacial chemistry. Their morphology, electrical features, and interfacial and surface chemistry play a vital role in the related application, which can be rationally designed via the well-established synthetic approaches. Due to these outstanding characteristics, polymer–inorganic nanomaterials can promote the value of ZT with enhanced compatibility, which leads to superior activity and stability in thermoelectric devices. In addition, via heat management and light harvesting, polymer–inorganic thermoelectric nanomaterials can also improve the efficiency of solar cells (Jurado et al., 2019).

In this review, we will highlight the development of polymer–inorganic thermoelectric nanomaterials, including the synthetic strategies, structures, electrical characteristics (thermoelectric properties), interfacial and surface chemistry, and applications in (solar) thermoelectric devices such as thermoelectric generators (TEGs), thermoelectric coolers (TECs), and thermoelectric sensors. The challenges of polymer–inorganic nanomaterials in thermoelectric devices will be discussed in depth.



INTERFACIAL AND SURFACE CHEMISTRY OF POLYMER–INORGANIC NANOMATERIALS

Surface and interfacial chemistry is of fundamental importance in functional polymer–inorganic nanomaterials, which can be rationally designed and modified during synthetic stage (Marchetti et al., 2017). Benefiting from the development of synthetic strategies and the emerging technologies, polymer–inorganic nanomaterials with controllable dimension, composition and architecture have been designed and prepared. There are mainly four synthetic strategies: (1) assembly of polymer and inorganic material, (2) assembly of polymer and inorganic precursors, (3) assembly of organic precursor and inorganic material, and (4) assembly of organic and inorganic precursor.

These four strategies offer convenient tunability over interfacial and surface chemistry and thus properties. For example, for the polymer–inorganic nanomaterials prepared by the assembly strategy of polymer and inorganic material, the interface between each component is connected via relatively weak interfacial force. In contrast, the organic inorganic interface of the polymer–inorganic nanomaterials prepared by the polymer and inorganic precursor assembly strategy is well-defined, leading to better interfacial and surface chemistry and electrical characteristics in the following application.



ELECTRICAL PROPERTIES OF POLYMER–INORGANIC THERMOELECTRIC NANOMATERIALS

The unique electrical properties of thermoelectric materials lie in their thermoelectric feature, which offers a novel opportunity to convert energy between thermal and electrical aspects. Their thermoelectric performance can be expressed via evaluating the figure of merit (ZT) (Majumdar, 2004; Jin et al., 2019). Although copious impressive work was devoted to developing thermoelectric materials, the ZT values are usually <1, still lower than the targeted values of 3 or higher. This challenge shows the difficulties to realize high σ, high S, and low κ in one material for high ZT. Inorganic nanomaterials usually exhibit high S and σ (Zhang et al., 2020b). However, increased σ is usually associated with enhanced κ in conventional inorganic materials based on the Wiedemann–Franz law as the density, migration, and scattering of charge carriers are interrelated with heat transfer and thermal energy (Carrete et al., 2012). Meanwhile, inorganic reagents are relatively expensive. On the other hand, polymeric thermoelectric materials have low σ, S, and power factor (S2σ). Therefore, thermoelectric materials consisting of polymer exhibit ZT values several orders of magnitude lower than those of inorganic ones. However, polymeric materials possess peculiar features like low density, cost and κ, and capability of large-scale preparation (Zhang et al., 2014). Clearly, it is highly desirable to design and craft polymer–inorganic nanohybrids integrating high σ and S of inorganic materials, and low κ of polymeric materials.

Polyaniline is a typical conducting polymer with a conductivity of up to 105 S m−1 and good stability. However, its power factor is low. Recently, researchers have added inorganic nanomaterials to improve its power factor. Up to now, there have been several reports on polyaniline-inorganic thermoelectric composite materials. For example, Yao et al. (2010) synthesized in situ single wall carbon nanotubes/polyaniline (SWNT/PANI) polymer–inorganic nanohybrids using single wall carbon nanotubes (SWNT) as templates (Figure 1A), which directed the polyaniline to grow along the surface of CNT forming an ordered chain structure. Compared with pure PANI, SWNT/PANI nanohybrids displayed higher electrical conductivity and Seebeck coefficient up to 1.25 × 104 S m−1 and 40 μV K−1 (Figure 1B), respectively, with maximum power factors being as high as 2 × 10−5 W m−1K−2 (Figure 1C). This performance improvement could be ascribed to the interfacial and surface chemistry (strong π-π interactions) of SWNT/PANI.
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FIGURE 1. (A) TEM image for SWNT/PANI composites containing 25 wt% SWNT, (B) Seebeck coefficient (closed squares), electrical conductivity (open circles), and (C) power factor (closed triangles) of SWNT/PANI composites containing different SWNT content. The dashed line is the calculated electrical conductivity based on the particle mixture rule. (D) Schematic illustrations of the synthesis procedure of (top) PANI/GP-M and (bottom) PANI/GP-P composite films and their corresponding (E) in-plane electrical conductivity, (F) Seebeck coefficient, and (G) power factor at room temperature with different graphene contents. (H) Schematic representation of RGO/CdS/PANI preparation nanocomposites for thermoelectric applications, (I) Seebeck coefficient, and (J) power factor vs. filler concentration. Reproduced with permission.


Graphene is also one type of preferred nanofillers due to its large surface area and aspect ratio (Hasani et al., 2020). Compared with SWNT, graphene is easier to prepare at lower cost, which facilitates the practicability of the final thermoelectric product (Liu et al., 2019). To this end, Wang et al. (2015) prepared polyaniline/graphene (PANI/GP) polymer–inorganic nanohybrids by in situ polymerization and solution method (Figure 1D). During in situ polymerization, polyaniline covered the graphene surface with intense π-π conjugation interactions, resulting in the formation of improved molecular ordering in the nanohybrid. Therefore, the thermoelectric properties of the composite were significantly enhanced with an optimal electrical conductivity of 814 S cm−1 (Figure 1E) and a Seebeck coefficient of 26 μV K−1 (Figure 1F), and the maximum power factor was 55 μW m−1 K−2 (Figure 1G). Graphene oxide is another effective material to improve the thermoelectric properties of polyaniline. After hybridization, the electrical conductivity, Seebeck coefficient, and power factor reached around 1,489 S cm−1, 59 μV K−1, and 52.11 × 10−7 W K−2 cm, with a maximum ZT of 0.8 at 363 K (Shalini et al., 2019).

In addition to carbon materials, metal-based inorganic materials have a large Seebeck coefficient, such as Bi2Te3 (Li et al., 2011), Sn0.85Sb0.15O2 (Plochmann et al., 2014), PbTe (Wang et al., 2010), Ag2Te (Wang et al., 2012), Cu2Te (Zhou et al., 2015), PtTe (Zhang et al., 2020), and Au (Toshima et al., 2012). Therefore, these inorganic materials can be combined with conducting polymers to improve the thermoelectric properties. For example, More et al. (2017). prepared RGO–CdS–polyaniline (PANI) ternary hybrid polymer–inorganic nanohybrids by a simple in situ thermoelectric method. As shown in Figures 1H–J, the energy band arrangement between reduced graphene oxide (RGO), CdS quantum dots (QDs), and PANI improved the P-type electrical conductivity with reduced thermal conductivity and proved the synergetic energy filtering effect. The electrical conductivity and power factor of RGO/CdS/PANI nanohybrids increased with the increase of filler concentration (RGO–CdS). The nanohybrid (with 0.4 wt% filler; G4) had low thermal conductivity and high electrical conductivity, and its ZT value was as high as 1.97.



APPLICATIONS IN THERMOELECTRIC DEVICES

Thermoelectric materials are usually assembled into thermoelectric devices for use in the energy field, which efficiently takes advantage of the low-quality heat that otherwise is dissipated. Thus, thermoelectric devices have received increasing attention from the viewpoints of both scientific research and technological development. The past several decades have witnessed a rapid advance of high-performance thermoelectric devices including TEGs, TECs, and thermoelectric sensors, which will be highlighted in the following sections.


Thermoelectric Generators

A TEG is a kind of device that directly generates electrical energy from heat. Generally (Sales, 2002; Bell, 2008), various thermal energy sources such as natural heat (e.g., solar radiation) and waste heat (e.g., industrial production), which induces a temperature gradient and can be capitalized on for energy generation in a reliable, pollution-free, and eco-friendly way (Mulla et al., 2020). Since many low-quality heat sources display irregular shapes and surfaces, it is vital for TEGs to be flexible for tight contact with the heat sources and thus maximizing heat collection. Such flexible TEGs have also gained increasing interest for advancing the development of many self-powered devices [e.g., smartwatches and smart and flexible wearable electrocardiograms (Dargusch et al., 2020)].

To minimize the cost of energy cost with optimal performance, polymer/inorganic nanohybrids with additional interfacial and surface chemistry have been developed as promising thermoelectric materials. For example, Mulla et al. (2020) successfully fabricated flexible paper-based TEGs using graphite and polyethylenimine (Figure 2). Graphite served as both p-type and n-type thermoelectric legs, which did not require additional paste for connection. The thermoelectric voltage and corresponding output power reached 9.2 mV and 1.75 nW, respectively, at a temperature difference of about 60 K. Flexible TEGs with optical transparency exert a crucial impact on novel applications such as smart windows and solar cells (Chowdhury et al., 2009). The key lies in the development of transparent p-type thermoelectric materials. To this end, Yang et al. deposited transparent p-type γ-Cui onto the PET substrate for single-leg thermoelectric device. The corresponding maximum output power at ΔT of 10.8 K was 8.2 nW with a power density of 0.1 mW cm−2, comparable with those of devices based on Bi2Te3/Sb2Te3 (Yang et al., 2017).
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FIGURE 2. (a) Photographs of the cyclical bending procedure applied to the thermoelectric trace with individual p-type and n-type graphite traces and (b) Seebeck coefficient (left) and electrical conductivity (right) over multiple bending cycles. (c) Photograph of the setup used for electrical testing of the thermoelectric generator (TEG) module using graphite and polyethylenimine and (d) the corresponding power output vs. voltage with respect to ΔT. Reproduced with permission.


Rational design in architecture can further improve the thermoelectric performance of flexible TEGs. For example, the thermal energy loss generated by commercial substrate (e.g., Si, paper, and polymer film) significantly restricts the energy generation efficiency. To this end, Kim et al. (2014) developed a wearable TEG on a glass fabric without top and bottom substrates. The flexible device possessed a thin thickness of ~500 μm and a lighter density of ~.13 g cm−2 enabled by screen printing technology. Due to the unique design, the TEG displayed a high output power density, which is one order of magnitude higher than that of the previously reported flexible TEG.

Conducting polymers [e.g., poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) and poly(3-hexylthiophene) (P3HT)] with high flexibility and low thermal conductivity are ideal materials for fabricating flexible TEGs (Chabinyc, 2014). Song and Cai (2017) in situ synthesized PEDOT:PSS functionalized Te nanorod [phenol–formaldehyde–Te (PF–Te)], which were incorporated with PEDOT:PSS forming PEDOT:PSS/PF–Te composite film via vacuum-assisted filtration method. Through the thermoelectric performance test, it was found that the conductivity of the composite material increased to 1,262 S cm−1, and the power factor reached 51.4 μW m−1K−2. PEDOT:PSS/PF-Te composite film was then used to fabricate a composite prototype generator consisting of eight single-leg modules pasted onto a polyimide substrate. At a temperature difference of 13.4 K, an output voltage of 2.5 mV was achieved. These investigations have shown promising feasibility for tremendous applications such as wearable devices and smart systems via advancing the development of new thermoelectric materials and novel TEG designs.

The relatively small temperature difference from body heat hinders its practical application (Jung et al., 2017). Therefore, TEG with solar energy as a heat source (i.e., solar TEGs and STEGs) has attracted increasing interest. In this regard, the conversion of sunlight to electricity is mainly achieved by photovoltaic and solar thermal power generation (Kraemer et al., 2011; Wang et al., 2019). The solar cell represents a promising technique to solve energy crisis (Jiang et al., 2020; Zhang et al., 2020a). Thermoelectric materials in STEGs have two advantages: (a) TEGs can act as a cooling system to decrease the temperature, which improves the performance of solar cells (Benghanem et al., 2016). (2) TEGs utilize the dissipated heat energy for additional electricity generation (Kil et al., 2017). Based on this, Jurado et al. (2019) studied STEGs using polymer–CNT composites as both solar absorbent and active TE materials. Due to the effect of interfacial chemistry and solar thermoelectric synergy effect, STEG with a power output of 180 nW was obtained.



Thermoelectric Coolers

The basic principle of TECs follows the Peltier effect to generate endothermic or exothermic phenomena between the interfaces of two different materials. During the past few decades, TEC has garnered increasing attention in academia and industries due to its simple construction, reliability, flexibility, noiseless operation, and long life. Localized cooling enabled by wearable TECs can gradually take the place of conventional systems, which decreases climate warming and power cost (Kishore et al., 2019). Hu et al. (2020) prepared polymer–inorganic nanohybrid film consisting of nickel nanowires evenly dispersed in PVDF matrix by solution mixing casting and compression molding. The electrical conductivity of the film raised as a function of Ni NW content while the optimal power factor reached 24.3 μWm−1K−2. The flexible thermoelectric thin film has enormous potential in the TECS. Sun et al. (2012) fabricated a thermoelectric module containing 35 n-type couples of poly[Nax(Ni-ett)] and p-type poly[Cux(Cu-ett)] (ett: 1,1,2,2-ethenetetrathiolate), which generated output voltage, current, and power of 0.26 V, 10.1 mA, and 2.8 μW cm−2, respectively, with good stability at a temperature difference of 80 K. The single thermocouple exhibited cooling effect with a ΔT of 3.5 K at an external voltage of 0.6 V.

Batteries usually generate a lot of heat during rapid charging and discharging cycles, which causes high temperatures and even battery explosions (Xie et al., 2020). Therefore, temperature control is important for safe battery operation (Kai et al., 2018). In a water-based electrolyte, the water molecules can form extrathermodynamic cycle via evaporation and solidification to realize the heat absorption/release cycle during thermoelectric conversion (Zhang et al., 2017). With this in mind, Chen et al. designed an intelligent hydrogel film consisting of polyacrylamide (PAAm) and [image: image] and [image: image]. The results showed that TG hydrogel reduced battery temperature by 6.5, 13.2, 15.7, and 20°C at discharge rates of 1.6, 1.8, 2, and 2.2°C, respectively (Pu et al., 2020).



Thermoelectric Sensors

In addition to TEGs and TECs, the thermoelectric properties have also prompted the development of thermoelectric sensors, which release combustion heat during chemical reaction with gas. Currently, thermoelectric sensors based on a catalyst combustor have realized the monitoring of various chemical gases with a wide range (e.g., 0.5 ppm to 5 vol% for H2, 1 ppm for CH4) (Nishibori et al., 2009; Nagai et al., 2015). However, even though these devices are efficient, their cost and weight are relatively high. To address these, polymer–inorganic thermoelectric nanohybrids served as alternative thermoelectric sensors. Slobodian et al. (2016) designed one self-powered thermoelectric sensor consisting of oxidized multi-walled carbon nanotubes and ethylene-octene copolymer (MWCNT/EOC). The thermoelectric power became larger as a function of the generated oxygen-containing functional groups on the MWCNT surface. The resistance of MWCNT/EOC composite material was affected by organic vapor, with average increases of 3.6, 1.1, and 0.05 S upon exposure to heptane, toluene, and ethanol saturated vapor, respectively. Such a device has provided a platform for convenient gas alarm and detection.




SUMMARY AND PERSPECTIVES

In summary, the recent advancement of polymer–inorganic thermoelectric nanomaterials is highlighted. After an introduction of synthetic strategies, interfacial chemistry engineering and electrical properties are presented. The development of thermoelectric devices, namely, TEGs, TECs, and thermoelectric sensors is also summarized. In particular, the burgeoning integration of solar cells with the thermoelectric technique is discussed.

However, despite the copious advances achieved by polymer–inorganic thermoelectric nanomaterials, in-depth explorations are still necessary due to the remaining challenges. For example, the substantial distinctions between inorganic and organic materials regarding intrinsic nature may cause phase and charge separation induced within the interface. In addition, due to the restricted transportation of charge carriers over the interface between phases with dissimilar electrical properties, a local polarization may generate an electric field much larger than the applied one. Thus, the polymer–inorganic thermoelectric nanomaterials may suffer from quicker destruction. To circumvent these issues, delicately balancing the intrinsic distinct properties between organic and inorganic components is needed for an optimized characteristic feature and practical behavior of polymer–inorganic nanohybrids. The following aspects for the development of polymer–inorganic thermoelectric nanomaterials might deserve more attention: (1) Adjusting the architectures and size of inorganic components may lead to additional quantum effects, which is conducive to the charge transport process. (2) Development of synthetic approaches that are capable of generating polymer–inorganic thermoelectric nanomaterials with well-defined interfacial and surface chemistry is of great importance, such as the polymer-enabled nanoreactor strategy (Li et al., 2018). (3) Surface of each component is better to be functionalized with specific ligands to improve the overall compatibility, therefore enhancing the stability and electric properties of nanohybrids. (4) Experimental results are expected to combine with powerful in situ characterizations and theoretical modeling (Yu et al., 2020) which facilitates the comprehensive insight of structure–property–performance relationship.

With the significant progress and tremendous effort in this emerging area, we envision that many breakthroughs of polymer–inorganic thermoelectric nanomaterials will promote their use in the near future.
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In this study, we have synthesized the molybdenum sulfide quantum dots (MoS2 QDs) and zinc sulfide quantum dots (ZnS QDs) and demonstrated a highly efficient green phosphorescent organic light-emitting diode (OLED) with hybrid poly (3,4-ethylenedioxythiophene)/poly (styrenesulfonate) (PEDOT:PSS)/QDs hole injection layer (HIL). The electroluminescent properties of PEDOT:PSS and hybrid HIL based devices were explored. An optimized OLED based on the PEDOT:PSS/MoS2 QDs HIL exhibited maximum current efficiency (CE) of 72.7 cd A−1, which shows a 28.2% enhancement as compared to counterpart with single PEDOT:PSS HIL. The higher device performance of OLED with hybrid HIL can be attributed to the enhanced hole injection capacity and balanced charge carrier transportation in the OLED devices. The above analysis illustrates an alternative way to fabricate the high efficiency OLEDs with sulfide quantum dots as a HIL.
Keywords: phosphorescent organic light-emitting diodes, metal sulfide QDs, hybrid hole injection layer, PEDOT:PSS, ZnS, MoS2
INTRODUCTION
New-generation organic light-emitting diodes (OLEDs) have attracted huge research interests due to their unique properties such as high color purity, light weight and flexibility (Liao et al., 2004; Wen et al., 2005; Wang et al., 2018; Wang et al., 2020). One of the most important issue for the OLEDs application in industry is the device efficiency. The effective charge injection and transportation, and exciton confinement in the emitting layer are the key parameters to achieve highly efficient OLEDs (Lee et al., 1999; Wang et al., 2008; Song et al., 2018; Zhao et al., 2020). To date, many research groups have used the solution processed hole injection layer (HIL) to improve the device performance and to decrease the fabrication costs (Li et al., 2018; Hu et al., 2020; Wang et al., 2020). To obtain the highly efficient OLEDs, the overall requirements on solution processed HIL should possess excellent optical and electrical characteristics such as high transparency and conductivity, as well as the low surface roughness (Zhao et al., 2016; McEwan et al., 2018; Feng et al., 2020). Therefore, the synthesis and development of solution processed hole injection materials are very important to achieve high-performance devices.
The traditional poly (3,4-ethylenedioxythiophene)/poly (styrenesulfonate) (PEDOT:PSS) is widely used as a solution processed HIL in organic electronics (Benor et al., 2010; Salsberg and Aziz, 2019). However, its acidic property and easily absorption for water in the air significantly deteriorate the device performance. The traditional molybdenum oxide (MoOx) is also employed in the OLED devices as an effective HIL due to its matched work function with ITO electrode and low surface roughness and high transparency. However, the MoOx as HIL is normally prepared by using vacuum thermal evaporation method which is not a good candidate for low-cost OLED preparation. More importantly, to date, there is seldom reports related to the solution-processed MoOx in electronic devices because of the limited solubility. Recently, solution processed sulfide quantum dots (QDs) such as zinc sulfide QDs (Zn QDs), molybdenum sulfide QDs (MoS2 QDs), and others as HILs/HTLs have been reported as an effective way to increase charge injection due to their unique properties, such as high solubility, tunable work function and low cost, resulting in the enhanced devices performance (Kim et al., 2015; Lenkeviciute et al., 2015; Xie et al., 2019). In our previous work, we have reported a highly efficient inverted OLEDs by using the solution processed ZnS QDs as an electron injection layer due to the excellent optical and electrical properties (Shi et al., 2019).
In this paper, the application of PEDOT:PSS doped with various QDs as the hybrid HIL for high-efficiency green phosphorescent OLED devices have been studied. And the hybrid PEDOT:PSS/QDs HILs were investigated based on their optical and morphological characteristics, as well as the surface energy. We found that the hybrid HIL based device revealed relatively higher device performance with the best current efficiency (CE) of 72.7 cd A−1, which was a 28.2% enhancement as compared to the neat PEDOT:PSS based devices.
EXPERIMENTAL
General Information
The organic functional molecules were obtained from e-Ray Optoelectronics Corp (China). The hole injection material poly (3,4-ethylenedioxythiophene)/poly (styrenesulfonate) (PEDOT:PSS) was purchased from Heraeus, Germany. Indium tin oxide (ITO, 15 Ohm per sheet, 150 nm)-coated glass substrates were ordered from CSG Holding Co. Ltd. (China). All chemicals and reagents in this work were used as received from commercial sources without further purification unless otherwise stated.
Synthesis of Zinc Sulfide Quantum Dots and Molybdenum Sulfide Quantum Dots
ZnS QDs were synthesized using our previously reported method (Shi et al., 2019). As shown in Figure 1, in brief, take out 2.4018 g Na2S·9H2O and put it into a 100 ml volumetric flask. add distilled water to 100 ml scale, mix well and keep well. Then 0.02 mol L−1 RSH aqueous solution and 0.1 mol L−1 Zn (CH3COO)2 solution was prepared. The above Na2S aqueous solution is the same. Add 25 ml of 0.1 mol–1 Zn (CH3COO)2 solution above into a three necked round bottom flask, continue to add 50 ml of 0.02 mol−1 ethanoic acid, and then dissolve it with 0.5 mol L−1 NaOH. Finally, after ultrasonic treatment for 10 min, the prepared Na2S aqueous solution was added rapidly to 5 ml, and then the device was ultrasonic treated for 30 min. Finally, ZnS nano quantum dots were prepared by stirring at 80°C for 1 h and 30 min.
[image: Figure 1]FIGURE 1 | Schematic of ZnS QDs (upper) and MoS2 QD (below) synthesis procedure.
For the synthesis of MoS2 QDs, firstly, taking 1 g of MoS2 powder into a three-necked round bottom flask, add 12 ml of n-hexane, and passed the protective gas argon into the flask. The three-necked round bottom flask was immediately sealed and allowed to stand for 48 h. The LixMoS2 in the intercalation was vacuum filtered. The product obtained by suction filtration was repeatedly washed with n-hexane solution to remove excess butyl lithium and organic residues. Then quickly took out LixMoS2 on the suction filter membrane and made it react with deionized water. The solution formed by the reaction of LixMoS2 with water was placed in an ultrasonic microwave instrument for auxiliary ultrasound for 1 h. The MoS2 flakes in the suspension would quickly produce black flocculent precipitates, and then centrifuged with deionized water for several times to adjust the pH of the solution to medium which could remove Li, Cl ions and organic residues and obtain the MoS2 QD solution.
Device Fabrication
Devices were fabricated with a configuration of ITO/PEDOT: PSS (40 nm)/NPB (30 nm)/TCTA (10 nm)/mCP: 5%Ir (ppy)3 (20 nm)/TPBi (35 nm)/Liq (1 nm)/Al (100 nm), as shown in Figure 2, where ITO is the anode; PEDOT: PSS is the hole injection layer; N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine (NPB) and 4,4′,4″-tris(carbazol-9-yl)triphenylamine (TCTA) are the hole transporting layer. 1,3-bis(N-carbazolyl)benzene (mCP) is the host for green phosphorescent dopant; tris(2-phenyl-3-methyl-pyridine)iridium (Ir (ppy)3) is the green dopant; 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) functions as the electron transporting layer and interlayer; Liq and Al are the electron injection layer and the cathode, respectively. The patterned ITO glass substrates were first cleaned sequentially by using detergent, deionized water, acetone, isopropanol and treated with a UV-ozone environment for about 20 min. Then a 40 nm QDs doped PEDOT:PSS was spin-coated onto the ITO surface under the conditions of rotation speed of 3,000 rpm and spin coating time of 60 s. After the spin coating process was completed, the ITO covering part of the electrode was wiped off with deionized water and being baked at 130°С for 20 min under air conditions. Then the substrates were transferred into a vacuum chamber. Then, organic layers and a metal cathode layer were successively deposited by using shadow masks to finish the device fabrication in a vacuum chamber under a base pressure less than 4 × 10−6 mbar. The deposition rates for the organic layers and Al cathode were typically 2.0 Å s−1 and 5.0 Å s−1, respectively. The active area of OLEDs is 2 × 2 mm2.
[image: Figure 2]FIGURE 2 | Structure of the green phosphorescent OLEDs with (A) neat PEDOT:PSS HIL and (B) hybrid HIL. (C) The corresponding energy level diagram of the devices.
Film and Device Characterization
The transmittance spectra were recorded on a UV-2501PC spectrophotometer at room temperature. Drop shape analysis (Kino optical CA and interface tensiometer) was used to measure the contact angles of deionized (DI) water. The surface morphological images of the various HILs were analyzed in air by using AFM (Bruker, Santa Barbara, CA, USA) in a tapping mode. The EL characteristics were measured using a Keithley 2,400 source meter and a PR650 Spectra Colorimeter. The luminance and spectra of each device were measured in the direction perpendicular to the substrate. All the device characterization steps were carried out at room temperature under ambient laboratory conditions without encapsulation.
RESULTS AND DISCUSSION
Firstly, the water contact angles of neat PEDOT:PSS and hybrid PEDOT:PSS/QDs with the concentration of 10% (v/v) on the glass substrate were measured to identify the hydrophilic and spread-ability of the resulting HILs, which could affect the film-forming property of hole transporting layer (HTL) (Yu et al., 2014; Singh et al., 2014; Huang et al., 2009; Cho et al., 2014). Figure 3 demonstrate the contact angles of water with PEDOT:PSS and PEDOT:PSS/QDs with different concentration are 12.4°, 13.5° and 18.4°, respectively. The small contact angles reveal that the hybrid PEDOT:PSS/QDs HIL has strong hydrophilic and spread-ability, resulting in a better interface and adhesion between anode and hole transporting layer (Phatak et al., 2012; Tsai et al., 2020).
[image: Figure 3]FIGURE 3 | Water contact angle measurements of different HIL of (A) PEDOT:PSS, (B) PEDOT:PSS/10% ZnS QDs and (C) PEDOT:PSS/10% MoS2 QDs.
The OLEDs are multi thin-film structures with the overall device thickness of around 200 nm. Therefore, it is an essential requirement for OLED devices with a smooth surface on the substrate to avoid the trap states such as defects, shorts, and pinholes (Lee et al., 2018; Michels et al., 2021; Lim et al., 2008). Figure 4 shows the surface morphology profiles of glass/HIL (40 nm) observed by AFM measurements. The values of surface roughness (RMS) of neat PEDOT:PSS, PEDOT:PSS/10%ZnS QDs and PEDOT:PSS/10%MoS2 QDs film are 0.57, 0.47, and 0.69 nm, respectively. The hybrid HIL films exhibit a low surface roughness, which result in more efficient hole injection and consequently affect the HTL and device performance (Kim et al., 2019; Ma et al., 2019).
[image: Figure 4]FIGURE 4 | AFM test of HILs of (A) PEDOT:PSS, (B) PEDOT:PSS/10%ZnS QDs and (C) PEDOT:PSS/10% MoS2 QDs.
Figure 5 shows the ultraviolet visible (UV-Vis) spectra measurement with the wavelength range of 220–800 nm. The transmittances of the resulting film are over 90% in the visible region. Within the green emission spectral range, the glass substrate with hybrid PEDOT:PSS/ZnS QDs and PEDOT:PSS/MoS2 QDs film with the concentration of 10% yielded a higher transmittance of 93% at 525 nm which is beneficial for enhancing the light extraction in OLED devices with normal configuration (Yang et al., 2014; Chiu and Chuang, 2015). The above results demonstrate the good visible light transmittance property of sulfide QDs-based thin films.
[image: Figure 5]FIGURE 5 | The optical transmittance spectra for neat PEDOT:PSS, PEDOT:PSS/10% ZnS QDs and PEDOT:PSS/10% MoS2 QDs films.
To evaluate the solution-processed hybrid PEDOT:PSS/ZnS QDs and PEDOT:PSS/MoS2 QDs films as the HIL, the OLED devices with normal configuration were fabricated using the following structure: ITO/HIL (40 nm)/NPB (30 nm)/TCTA (10 nm)/mCP: 5%Ir (ppy)3 (20 nm)/TPBi (35 nm)/Liq (1 nm)/Al (100 nm). Here, the device with neat PEDOT:PSS as HIL was also fabricated as the reference device. The corresponding energy level diagram of OLED devices are also depicted in Figure 2. The current density(J)-voltage(V)-brightness(L) properties of the OLEDs are exhibited in Figure 6 and the main electroluminescent properties are summarized in Table 1.
[image: Figure 6]FIGURE 6 | The green phosphorescent OLED device with hybrid PEDOT:PSS/ZnS QDs film as the HIL. (A) Current density-voltage-brightness (J-V-L), (B) Current efficiency-luminance (CE-L), (C) Power efficiency-current density (PE-J) and (d) EL spectra at 6 V of the resulting devices with different concentrations.
TABLE 1 | Performance parameters of the green phosphorescent OLED device with the various HILs.
[image: Table 1]The utilization of PEDOT:PSS/ZnS QDs based HILs significantly improved the device performances. From the J-V characteristics of the devices with various concentrations of QDs based HILs, the current density increased compared with the neat PEDOT:PSS based device. In addition, the device with hybrid PEDOT:PSS/ZnS QDs HILs showed a higher luminance at same current density, as shown in Figure 6A. It is also noteworthy that the maximum current efficiency of the device with hybrid PEDOT:PSS/ZnS QDs is higher than that of the device with neat PEDOT:PSS. The PEDOT:PSS/5%ZnS QDs based device showed excellent current efficiency (CE) of 63.8 cd A−1, which is superior to that of device with neat PEDOT:PSS of 55.1 cd A−1. It suggests that the hybrid PEDOT:PSS/ZnS QDs as HIL can significantly enhance hole injection capacity in comparison with the neat PEDOT:PSS HIL. The hybrid PEDOT:PSS/10%ZnS QDs based OLED reaches a maximum luminance of 49,005 cd m−2 at 9.5 V, among the other devices. Typical hybrid PEDOT:PSS/ZnS QDs based OLED gives emission with an EL peak of 516 nm, as shown in Figure 6D.
Finally, we investigated the device performances based on the hybrid PEDOT:PSS/MoS2 QDs as the HIL. The results are shown in Figure 7, and the performance parameters are also listed in Table 1. It should be noted that device with hybrid PEDOT:PSS/10%MoS2 QDs shows the better performance compared with other devices. The device with the concentration of 10%MoS2 QDs in PEDOT:PSS exhibited maximum CE of 72.7 cd A−1 and maximum luminescence of 46,354 cd m−2 with a low turn-on voltage of 3.6 V. We also demonstrate that PEDOT:PSS doped with 10%MoS2 QDs forms more higher quality film with lower surface roughness, which are beneficial to form a better interface and adhesion between anode and hole transporting layer. (Phatak et al., 2012; Tsai et al., 2020).
[image: Figure 7]FIGURE 7 | Device performance with hybrid PEDOT:PSS/MoS2 QDs film as the HIL. (A)J-V-L, (B) CE-L, (C) PE-J and (D) EL spectra at 6 V of the resulting devices with different concentrations.
To further investigate the mechanisms of the different HILs in the OLED devices, we prepared hole-only devices (HODs) with device structures of ITO/HIL (40 nm)/NPB (100 nm)/Al (100 nm) with various hole injection layers (traditional PEDOT:PSS, PEDOT:PSS/10%ZnS QD, and PEDOT:PSS/10%MoS2 QD) and the current density-voltage (J-V) characteristics of HODs based on the mixed HILs with the concentration of 10% were compared. The related results are shown in Figure 8. The HOD with the mixed PEDOT:PSS/QD HILs showed much higher current density than the devices with the traditional PEDOT:PSS HIL at the same driving voltages, indicating the more efficient hole injection.
[image: Figure 8]FIGURE 8 | The J-V characteristics of hole-only devices of ITO/HIL (40 nm)/NPB (100 nm)/Al (100 nm).
The hole mobility based HOD was calculated from space charge limited current method by using the following Mott-Gurney Law equation (Tang et al., 2019):
[image: image]
where ε0 is the vacuum permittivity, ε is the relative dielectric constant, β is the Poole-Frankel factor, and L is the thickness of HIL. The mobility of NPB (1.6 × 10−5 cm2/V·S−1) is much lower than that of PEDOT:PSS/QD. (Blom et al., 2005; Zhao et al., 2019) Thus, in the initial SCLC region, the hole mobility of PEDOT:PSS/QD based HODs is limited by the mobility of NPB. The hole mobility of PEDOT:PSS/QD based HOD was evaluated from the linear fitting the SCLC region (based on ε = 11.9, ε0 = 8.85 × 10−12 Fm−1, and L = 40 nm), which results in µ1 = 1.748 × 10−4 cm2/V·S−1 (PEDOT:PSS), µ2 = 7.67 × 10−4 cm2/V·S−1 (PEDOT:PSS/ZnS QD), µ3 = 1.464 × 10−3 cm2/V·S−1 (PEDOT:PSS/MoS2 QD), indicating that the mixing of QD and PEDOT:PSS can improve the hole mobility compared to PEDOT:PSS based OLED obviously. This result is coincidence with device performance, which is responsible for the improvement of hole injection in OLEDs. Therefore, based on the corresponding energy level diagram of devices and the analytic results of SCLC method of HODs, the enhanced device efficiency with hybrid HILs can be attributed to the reduced hole injection barrier and charge recombination, resulting in the overall performance improvement of the resulting OLEDs. (Li and Marks, 2008; Han et al., 2015; Yadav et al., 2020)
CONCLUSION
In this work, we have systematically investigated the optical and electrical properties of the ZnS and MoS2 QDs. We have demonstrated that hybrid PEDOT:PSS/QDs film as the HIL in conventional OLED could highly enhance hole injection from anode into organic hole transporting layer, and consequently improves the device efficiency. Furthermore, the device with hybrid HILs shows lower turn-on voltage and higher luminance because of its enhanced hole injection property. Among all the devices with various HILs, the device with hybrid PEDOT:PSS/MoS2 QDs HIL showed a lowest turn-on voltage of 3.6 V and the highest maximum CE of 72.7 cd A−1, achieving an enhancement of 28.2% than those with neat PEDOT:PSS based devices. We conclude that the improved film morphology of the hybrid HILs, balanced charge carrier injection and recombination are important factors to contribute the high performance of OLEDs.
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There is a need to satisfy the high color purity requirement of display technology with a simply fabricated process. Herein, solution-processed blue thermally activated delayed fluorescence organic light-emitting diodes (OLEDs) with a narrow spectrum with a full width at half maximum (FWHM) of 32 nm and y color coordinate below 0.2 are demonstrated by employing a molecule containing boron and nitrogen atoms (TBN-TPA) as the guest emitter in the emissive layer. The opposite resonance positions of B-N atoms of TBN-TPA endows a multi-resonance effect, leading to high color purity.
Keywords: organic light-emitting diodes, thermally activated delayed fluorescence, solution process, narrow bandwidth, pure blue
INTRODUCTION
Solution-processed organic light-emitting diodes (s-OLEDs) are regarded as one of the most fascinating and competitive technologies for large-area and low-cost display panels and solid-state lighting sources (Müller et al., 2003; So et al., 2008; Zhu et al., 2011; Sasabe and Kido, 2013; Zheng et al., 2013; Xu et al., 2017a; Xu et al., 2019; Wang et al., 2020; Xu et al., 2021). Modern electronic products can be easily manufactured by ink-jet printing or ‘roll-to-roll’ coating methods, akin to how newspapers are produced. However, the current state-of-the-art OLEDs rely on physical vapor deposition, which leads to high manufacturing costs and energy consumption (Kololuoma et al., 2004; Mauthner et al., 2008; Sandström et al., 2012; Xu et al., 2016). The invention and application of thermally activated delayed fluorescence (TADF) compounds as the emitters without precious metals (e.g., iridium, platinum, rhenium, etc.), further facilitate more cost-effective OLED technology (Uoyama et al., 2012; Huang et al., 2018; Xu et al., 2018). Blue color plays an important role as one of the three primary colors of OLEDs. A novel concept for multi-resonance TADF (MR-TADF) was proposed by Hatakeyama et al. in 2016. The reported TADF emitters show particular HOMO and LUMO distributions due to the rigid framework of boron and nitrogen (B-N) atoms’ array, leading to the MR effect. This MR effect enhances the oscillating strength between S1 and S0, generating a narrow full-width-at-half-maximum (FWHM) of 28 nm, showing unexpected high color purity in TADF species (Hatakeyama et al., 2016). Then highly efficient blue MR-TADF molecules were developed, showing an extremely high external quantum efficiency (EQE) of up to 34.4% and a narrow FWHM of 14 nm (Kondo et al., 2019). However, blue MR-TADF materials with high color purity are rarely applied in s-OLED. Therefore, it is attractive to investigate blue MR-TADF materials aiming for a solution process.
In this paper, solution-processed blue TADF OLEDs with a narrow bandwidth have been demonstrated by applying a molecule TBN-TPA (Liang et al., 2018) containing boron and nitrogen (B-N) atoms. Our results provided new understanding of the electroluminescence of blue MR-TADF emitter, which would be beneficial to the development of solution-processed OLED technology for high-performance displays.
EXPERIMENT DETAILS
The chemical structures of TBN-TPA and the energy level diagram of the device are exhibited in Figures 1A,B, respectively. TBN-TPA was synthesized according to the literature (Liang et al., 2018). 1,3-bis(9H-carbazol-9-yl)benzene (mCP), 8-hydroxyquinolinolatolithium (Liq), bis [2-(diphenyl-phosphino)phenyl]ether oxide (DPEPO), 1,3,5-tri [(3-pyridyl)-phen-3-yl] benzene (TmPyPB), and 8-hydroxyquino -linolatolithium (Liq) were purchased from Xi'an Polymer Light Technology Corporation and used as received.
[image: Figure 1]FIGURE 1 | (A) The chemical structure of TBN-TPA. (B) Energy level diagrams of the devices.
All the devices were fabricated on the glass substrate patterned with the conducting indium-tin-oxide (ITO) anode with a sheet resistance lower than 20 Ω/square. Acetone and ethanol were consecutively used to clean the ITO substrates in an ultrasonic bath. The substrates were further dried with N2 flow. After 20 min of ultraviolet light-ozone treatment, a modified PEDOT: PSS (m-PEDOT:PSS) was spin-coated onto the ITO surface at 4,000 rpm (Xiang et al., 2019). Afterward, the substrate was baked at 120°C for 10 min in a glove box. TBN-TPA and mCP, respectively as the guest and host of the emissive material layer (EML), sufficiently dissolved in chlorobenzene solvent. Later, the corresponding EML was spin coated at 1,000 rpm and then accompanied with a 50°C baking process for 10 min. The corresponding functional materials and aluminum cathode were vacuum deposited step by step under 10−5 mbar. The actual device area defined by the crossover of the ITO anode and the Al cathode was 2 mm × 2.2 mm.
In this study, the OLEDs using the conventional mCP host were fabricated while TBN-TPA with the B-N core-structure containing a peripheral electron-donating carbazole unit was applied as the blue guest. The structure of the devices is ITO/m-PEDOT:PSS/TBN-TPA (5 wt%, 10 wt%, and 20 wt%): mCP/DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1 nm)/Al (100 nm). The energy level diagram of the device is shown in Figure 1B. m-PEDOT:PSS acts as the hole injection layer (HIL) (Xiang et al., 2019). DPEPO serves as the exciton blocking layer with a high triplet energy level over 3.0 eV, which helps to confine the excitons in the emitting layer (Xu et al., 2017b). Liq and TmPyPB are used as the electron injection layer (EIL) and electron transporting layer (ETL), respectively.
The current density-voltage-luminance (J-V-L), the current efficiency-luminance -power efficiency (CE-L-PE) characteristics, the color coordinates, and the electroluminescence (EL) spectra of the devices were measured and recorded by a computer-controlled Keithley 2,400 Source Meter Unit and Photo Research PR735 spectrometer. All measurements were carried out at room temperature in ambient air.
RESULTS AND DISCUSSION
The devices A, B, and C were fabricated and tested in one flow doping with different TBN-TPA concentrations i.e., 5 wt%, 10 wt%, and 20 wt%, respectively. The J-V-L and CE-L-PE characteristics are shown in Figures 2A,B, respectively. The device performances of the blue TADF OLEDs with different doping concentrations of TBN-TPA are summarized in Table 1.
[image: Figure 2]FIGURE 2 | (A) Current density-voltage-luminance and (B) current efficiency-luminance-power efficiency characteristics of the devices.
TABLE 1 | The EL characteristics of blue TADF OLEDs.
[image: Table 1]The turn-on voltage of the s-OLED with TBN-TPA depended on the increasing concentration of TBN-TPA. Under the same voltage, the s-OLED with higher concentrations of TBN-TPA as emitter showed lower current density (shown in Figure 2A). In contrast, the current efficiency (CE), power efficiency (PE), and EQE increased as the doping concentration increased, shown in Figure 2B and Table 1. The device with 20 wt% TBN-TPA depicted the maximum EQEs of 1.08% with narrow FWHM of 32 nm. The performances of OLEDs with solution-processed TBN-TPA as blue TADF emitter are much lower than those of the devices with physical vapor deposition, which may be ascribed to the unsatisfactory film quality fabricated by spin-coating (Liang et al., 2018; Tang et al., 2020). Solution-processed organic thin films are generally of a lower quality than those fabricated by physical vapor deposition. More morphological defects could be induced and thus deteriorate charge transport properties and radiative decays in the solution-processed devices. Therefore, it is reasonable that solution-processed OLEDs generally exhibit lower EQEs compared with that of vapor deposition OLEDs using the same emitter despite the simple fabrication processing (Diao et al., 2014). Therefore, more effort should be devoted to device engineering.
The EL spectrum and the chromaticity coordinates of the devices with TBN-TPA are shown in Figures 3A,B. The two peaks of the normalized EL spectra of the devices could be determined, which originated from the blue TADF emitter TBN-TPA and host mCP, respectively, peaking at 464 and 396 nm (shown in Figure 3A). This is attributed to the inefficient host-guest energy transfer. As for the chromaticity coordinates of the devices, the CIE (x,y) coordinates were slightly changed with the y value below 0.2 in Figure 3B. As the concentration of TBN-TPA increased from 5 to 20%, the residual emission of the host mCP was gradually quenched by TBN-TPA, which resulted in relatively higher EQEs, shown in Table 1. Meanwhile, there exists some interfacial exciplex which accounts for the emission band in the region of 600–700 nm.
[image: Figure 3]FIGURE 3 | (A) The normalized EL spectra of devices and (B) the chromaticity coordinates of devices.
CONCLUSION
In summary, we succeeded in employing blue TADF dye with the narrow bandwidth in solution-processed OLED as the emitter to realize high color purity. This technical route shows high value in the development of solution-processed OLED display technology.
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Recently, tin oxide (SnO2) nanoparticles (NPs) have attracted considerable attention as the electron transporting layer (ETL) for organic solar cells (OSCs) due to their superior electrical properties, excellent chemical stability, and compatibility with low-temperature solution fabrication. However, the rough surface of SnO2 NPs may generate numerous defects, which limits the performance of the OSCs. In this study, we introduce a perylene diimide derivative (PDINO) that could passivate the defects between SnO2 NP ETL and the active layer. Compared with the power conversion efficiency (PCE) of the pristine SnO2 ETL–based OSCs (12.7%), the PDINO-modified device delivers a significantly increased PCE of 14.9%. Overall, this novel composite ETL exhibits lowered work function, improved electron mobility, and reduced surface defects, thus increasing charge collection efficiency and restraining defect-caused molecular recombination in the OSC. Overall, this work demonstrates a strategy of utilizing the organic–inorganic hybrid ETL that has the potential to overcome the drawbacks of SnO2 NPs, thereby developing efficient and stable OSCs.
Keywords: organic solar cell, electron transporting layer, perylene diimide derivative, tin oxide, surface defects
INTRODUCTION
Over the past decades, in order to harness clean and abundant solar energy, extensive efforts have been made to develop efficient and affordable photovoltaic cells. Among the numerous candidates, organic solar cell (OSC) has attracted considerable attention of researchers due to its potential of low-cost and large-scale fabrication onto the flexible or stretchable substrate (Thompson and Frechet, 2008; Liang et al., 2010; Li et al., 2012; Hou et al., 2018; Yuan et al., 2019). Owing to the continuous development of organic photoelectric materials in recent years, for the bulk heterojunction (BHJ) OSC device, the power conversion efficiency (PCE) has exceeded 18% (Wang et al., 2020), which paves the way for the future commercialization of OSCs. In addition to the active layer, the charge transporting layer (CTL) also plays a critical role in realizing the high-performance of OSCs (Ma et al., 2010; Yip and Jen, 2012). Being inserted between the electrode and active layer, the CTL can decrease the interfacial barrier and adjust the mismatched energy levels, thus facilitating charge carrier collection and transportation (Hsieh et al., 2010; Li et al., 2010). Currently, an n-type metal oxide, namely, zinc oxide (ZnO), has been widely utilized as the material of the electron transporting layer (ETL) for OSCs because of its matched energy level, good conductivity, high optical transparency, and solution processability (White et al., 2006; Kyaw et al., 2008; Wang et al., 2015; Zhang et al., 2019; Zheng et al., 2019; Fan et al., 2020). However, when placed under ambient sun illumination, ZnO can absorb a large proportion of ultraviolet light, which brings about the degradation of the organic active layer and thus hampers the performance of OSCs (Jiang et al., 2019).
Tin oxide (SnO2) is another n-type metal oxide that can be fabricated from pre-dispersed nanoparticle (NP) dispersion annealed at a temperature of less than 150 °C. It has been widely studied as the ETL material in dye-sensitized and perovskite solar cells (Snaith and Ducati, 2010; Jiang et al., 2017). SnO2 NPs have a wider bandgap, higher conductivity, and less sensitivity to ultraviolet light than the conventional sol-gel ZnO. However, despite the potential to become a superior ETL material for more stable and efficient OSCs, the solution-based fabrication process of the SnO2 NP ETL inevitably generates a mass of surface defects (Peng et al., 2020). Additionally, the morphology of the active layer may be further affected by the compatibility issue with organic photovoltaic materials and metal oxide NPs (Yin et al., 2016). Given the above, the introduction of the SnO2 NP ETL could lead to the declines of exciton dissociation and charge extraction efficiencies as well as defect-caused molecular recombination, which significantly limits the performance of OSCs.
Several efforts of surface modification for metal oxide ETLs have been made using various materials, including aluminum (Lin et al., 2016), graphene (Gollu et al., 2016), quantum dot (Zeng et al., 2017), conjugated polyelectrolyte (Kim et al., 2015), and organic small molecule (Song et al., 2013). Among them, perylene diimide (PDI) derivatives, a group of organic small molecule material, have recently drawn lots of research interest due to their excellent stability and the ability to facilitate charge carrier transport by tuning the work function between the active layer and electrodes (Ling et al., 2007; Zhang et al., 2014; Wang et al., 2017). Moreover, the perylene diimide backbone can be easily functionalized by different side chains, thus enabling its water/alcohol processability. A PDI derivative with amine functional groups (PDIN) was utilized as a ZnO ETL modifier, resulting in a near 14% enhanced PCE (Yu et al., 2016). More recently, (HOOC5-triazole) PDIN-hex, a carboxylic acid functionalized PDI, was also successfully adopted. The deposition of functionalized PDI can increase the surface hydrophobicity of the ZnO ETL without causing severe impacts to its optical and photochemical properties, thus accumulating the acceptor component of BHJ at the cathode interface. On account of the enhanced charge carrier concentration, the OSC devices with the modified ZnO ETL exhibited up to 33% improvement in the PCE (Abd-Ellah et al., 2019). Despite these benefits of the PDI derivatives on ZnO, their effects on SnO2 ETL–based OSCs have not been reported so far.
In this work, a thin layer of perylene diimide derivative with the terminal substituents of amino N-oxide {i.e., 2,9-bis [3-(dimethyloxidoamino) propyl] anthra (2,1,9-def:6,5,10-days'e'f') diisoquinoline-1,3,8,10(2H,9H)-tetrone, (PDINO)} was introduced to modify the SnO2 NP ETL. This SnO2/PDINO composite ETL exhibits decent optical transmittance, improved electrical conductivity, and reduced work function (WF). Furthermore, the decline of the surface defects is featured prominently in solution-processed SnO2 NPs, resulting in an active layer film with more favorable morphology atop the ETL. The poly {[2.6-(4,8-bis(5-(2-ethylhexyl-3-fluoro) thiophen-2-yl)-benzo (1,2-b:4,5-b’) dithiophene)]-alt-[5.5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo (1′,2′-c:4′,5′-c’) dithiophene-4,8-dione)]}:2.2'-{(2Z,2′Z)-[(12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-(1,2,5) thiadiazolo (3,4-e) thieno (2″,3’':4′,5') thieno (2′,3':4.5) pyrrolo (3,2-g) thieno (2′,3':4.5) thieno (3,2-b) indole-2,10-diyl) bis(methanylylidene)] bis (5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)}dimalononitrile (PM6:Y6) OSCs were fabricated with a inverted device structure, and the champion device with SnO2/PDINO ETLs showed excellent power conversion efficiency (PCE) of 14.9%, which is much higher than that of the control device with the neat SnO2 ETL (12.7%). The simultaneously enhanced short circuit current (JSC) and fill factor (FF) indicate that modifying the surface of the SnO2 ETL with PDINO could increase charge collection efficiency and restrain defect-caused molecular recombination in the OSC. The device stability also benefits from the PDINO modification. This novel method provides a promising approach to produce efficient OSCs based on low-temperature fabrication.
MATERIALS AND METHODS
The active layer materials (PM6 and Y6) were purchased from Solarmer, PDINO was obtained from 1-Material, and SnO2 NPs were obtained from Alfa Aesar. All of these materials were used as received. The molecular structures of PM6, Y6, and PDINO are shown in Figure 1A. In addition, chloroform, 1-chloronaphthalene, and other solvents used for device fabrication were purchased from Sigma-Aldrich.
[image: Figure 1]FIGURE 1 | (A) Molecular structures of organic photoelectric materials used in this study. (B) Schematic diagram of the OSC device structure.
The device structure of the OSCs in this study is ITO/ETLs/PM6:Y6/MoO3/Ag, as depicted in Figure 1B. With the weight ratio of 1:1.2, PM6 and Y6 were stirred in chloroform for 12 h to obtain the BHJ active layer solution. The blend solution has a concentration of 16 mg/ml; 1-chloronaphthalene at a concentration of 0.5% (v/v) was subsequently mixed as solvent additive. The active layer solution was stirred overnight at room temperature. The SnO2 NP ETL (40 nm) was prepared by spin-coating the pre-dispensed SnO2 NPs onto cleaned ITO/glass substrates at 5,000 rpm for 45 s and then baked in the air at 120°C for 15 min. For the modified devices, methanol solutions of PDINO at varying concentrations were deposited atop SnO2 ETLs at 3,000 rpm for 30 s; the concentration of PDINO is 0.5, 1, and 2 mg/ml. The active layers (100 nm) were spin-coated at 2,000 rpm for 60 s atop the ETLs, followed by a 10-min thermal annealing process in nitrogen glove box at 110°C. Finally, the MoO3 hole transporting layer (15 nm) and Ag electrodes (100 nm) were deposited under a vacuum of 1 × 10−5 Pa. The effective device area is 0.03 cm2, which is determined by the shadow mask.
RESULTS AND DISCUSSION
The performance of the inverted OSC device is crucially influenced by the optical property of the ETL. Therefore, the transmittance spectra of ITO-coated glass, SnO2, and SnO2/PDINO ETLs fabricated on ITO/glass were measured and plotted in Figure 2A. Compared to the clean ITO/glass, SnO2 and SnO2/PDINO ETLs both exhibit enhanced transmittance in the 350–450 nm region that could be beneficial for achieving better absorption of the active layer. SnO2 covered by the PDINO modification layer has slightly lower transmittance from 450 to 550 nm, which could be attributed to the light absorption of PDINO. Despite this result, the SnO2/PDINO ETL can still maintain an average transmittance of 87.33% in the 380–780 nm region of visible light, indicating that the PDINO layer will not remarkably impact the light-harvesting ability of the SnO2 ETL. The normalized ultraviolet–visible (UV-vis) absorption spectra of PM6:Y6 films on different ETLs are displayed in Figure 2B. The PM6:Y6 films on ITO/SnO2 and ITO/SnO2/PDINO exhibit higher absorbance than those deposited on the ITO substrate in the wavelength of 350–450 nm, which are consistent with the results of the transmittance spectra in Figure 2A.
[image: Figure 2]FIGURE 2 | (A) Transmittance spectra of ITO, ITO/SnO2, and ITO/SnO2/PDINO. (B) Normalized UV–vis absorption spectra of PM6:Y6 on ITO, ITO/SnO2, and ITO/SnO2/PDINO. (C)J–V curves of ETLs with and without PDINO modification.
The film conductivities of different ETLs were evaluated to take a glimpse into the effect of the PDINO modification layer. With the ITO/ETL/Ag structure to ensure reliable ohmic contact, the current density–voltage (J–V) measurements of SnO2 and SnO2/PDINO ETLs are depicted in Figure 2C. The conductivity (σ) of the ETLs is defined with Eq. 1:
[image: image]
The conductance (G) is calculated from the slope of the J–V lines, where A is the device area, J is the current density, V is the corresponding bias voltage, and d is the thickness of the ETL (d = 40 nm for SnO2 and d = 50 nm for SnO2/PDINO). The conductivity of SnO2 and SnO2/PDINO ETLs is calculated to be 3.10 × 10−6 and 4.31 × 10−6 S/cm, respectively. The enhanced conductivity of the SnO2/PDINO ETL suggests that the modified ETL may have fewer surface defects, thus facilitating electronic transmission.
Atomic force microscopy (AFM) was conducted to survey the evolution of surface morphology for the PDINO-modified SnO2 NP ETL. Figures 3A,B display the height images of the SnO2 ETL and SnO2/PDINO ETL. The pristine SnO2 ETL film has a relatively coarse surface, with a 2.71-nm root mean square (RMS) roughness value. For the SnO2 ETL modified by a PDINO layer, the AFM image exhibits a smoother surface of the ETL, with a significantly decreased RMS roughness value of 1.41 nm. This implies that PDINO could fill the gaps between the SnO2 NP aggregates. In order to further elucidate the effects of PDINO modification, the height images of the PM6:Y6 BHJ blend films fabricated atop different ETLs are presented in Figures 3C,D. From the images, the BHJ blend film on the SnO2/PDINO ETL has achieved a more homogeneous surface morphology. The corresponding RMS value is 3.07 nm, which is much lower than that of the BHJ film on the pristine SnO2 ETL (4.78 nm). Summing up the findings of AFM, it is suggested that the PDINO modification layer effectively reduced the surface defects of SnO2 NPs. Moreover, as the surface morphology of the ETL plays a crucial role in the formation of the BHJ, the surface morphology of PM6:Y6 blend film is consequently improved after the PDINO modification (Peng et al., 2020).
[image: Figure 3]FIGURE 3 | (A) AFM height image of the SnO2 ETL film. (B) AFM height image of the SnO2/PDINO ETL film. (C) AFM height image of the PM6:Y6 blend film on the SnO2 ETL. (D) AFM height image of the PM6:Y6 blend film on the SnO2/PDINO ETL.
To verify the effectiveness of PDINO as a SnO2 ETL modifier, the PM6:Y6 OSCs were fabricated based on the SnO2 ETL and SnO2/PDINO ETLs, with the device structure shown in Figure 1B. The J-V curves are recorded and shown in Figure 4A. The performance metrics of the OSCs are summarized in Table 1. The unmodified device with pristine SnO2 NPs as the ETL provides a PCE of 12.73%, with an open circuit voltage (VOC) of 0.820 V, a JSC of 23.95 mA/cm2, and an FF of 64.82%. With the introduction of the PDINO modification layer, significant device performance improvements are observed. When PDINO concentration is 1 mg/ml, the champion device reaches its maximum PCE value of 14.97%, with an increased VOC of 0.825 V, a JSC of 26.40 mA/cm2, and an FF of 68.70%. The enhanced parameters could be ascribable to the better qualities of the SnO2/PDINO ETL film and preferable ETL/active layer interfacial contact. When the concentration of PDINO increases to 2 mg/ml, the denser PDINO layer may have an adverse effect on charge carrier transportation and further affect the transmittance of the ETL. Therefore, the device suffers from a moderate performance decrease, with a reduced PCE of 14.58%, a VOC of 0.825 V, a JSC of 26.10 mA/cm2, and an FF of 67.49%.
[image: Figure 4]FIGURE 4 | (A)J–V curves of OSCs. (B) EQE spectra and JEQE curves of OSCs. (C) Normalized PCEs of OSCs after 15 days of aging. The devices were stored in the air at room temperature (∼20°C) and without encapsulation.
TABLE 1 | Photovoltaic performance metrics of OSCs with pristine SnO2 and different concentrations of PDINO-modified SnO2 as ETLs. The average PCE (PCEavg) value was obtained form 20 devices fabricated in parallel.
[image: Table 1]The measurement of external quantum efficiency (EQE) was also carried out to illustrate the effects of the PDINO modification layer. The EQE spectra are presented in Figure 4B. Compared with the pristine SnO2 ETL device, the EQE values of OSCs with SnO2/PDINO ETLs notably increased throughout the 350–900 nm wavelength range. For the device with 1 mg/ml PDINO-modified ETL, the maximum EQE value exceeds 85% around the wavelength of 550 nm. The intensified EQE spectra can be ascribed to the combined effects of faster electron transportation and more favorable interfacial contact. From the EQE spectra, the integrated current density (JEQE) curves are plotted in Figure 4B, and the JEQE values are listed in Table 1. The trend of JEQE makes a good match within less than 5% of the variation of the corresponding JSC.
As an essential parameter for commercialization in the future, the ambient stability of OSCs was tested in the air at room temperature without encapsulation. From Figure 4C, after 15 days aging, the pristine SnO2 NP ETL device exhibited unsatisfying stability, with its PCE dropping to less than 60% of the initial value. In contrast to the control device, the OSC with SnO2/PDINO ETL successfully maintained up to 81% of its original PCE. It is suggested that by reducing the possible defects of the SnO2 NP layer, the PDINO layer could strengthen the ETL’s oxygen/water shielding effects, thus enhancing the stability of the SnO2/PDINO ETL OSC.
To investigate the energy level of the SnO2 NP ETL before and after PDINO modification, in Figure 5A, the optical bandgap (Eg) was first determined by Tauc plots derived from the UV–vis absorption spectra. The Eg of the pristine SnO2 and SnO2/PDINO are estimated to be 3.79 and 3.75 eV, respectively. The ultraviolet photoelectron spectroscopy (UPS) measurements were subsequently implemented to determine the binding energies of the cutoff region (Ecutoff) and onset region (Eonset), which are depicted in Figure 5B. With the incident photon energy value (hν) of 21.22 eV (He I), by subtracting the Ecutoff from hν, the WF is estimated to be 4.44 eV for pristine SnO2 and 4.16 eV for SnO2/PDINO. The valence band maximum (VBM) level can be calculated with Eq. 2:
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[image: Figure 5]FIGURE 5 | (A) Tauc plots of SnO2 and SnO2/PDINO films. (B) UPS spectra of SnO2 and SnO2/PDINO. (C) Schematic diagram of energy levels of OSCs with different ETLs.
For the pristine SnO2 and SnO2/PDINO, the VBM levels are 8.15 and 7.73 eV, respectively. Considering the Eg of different ETLs, the corresponding conduction band minimum (CBM) levels are 4.36 and 3.98 eV, respectively. From the analyses above, the energy level diagram for the OSC is plotted in Figure 5C. The reduced WF and energy level shifts of the modified ETL can benefit both electron extraction and charge collection abilities, contributing to significantly improved JSC, FF, and the slightly increased VOC as summarized in Table 1 (Guang et al., 2021).
To conduct an in-depth investigation into the performance enhancements after applying the PDINO layer, the electron-only devices were fabricated and the space charge limited current (SCLC) approach was carried out. The corresponding device structure is ITO/ETLs/PM6:Y6/bathophenanthroline/Ag. The J-V characteristics are shown in Figure 6A. Following the Mott–Gurney law, it can be calculated that the electron mobility of devices with the pristine SnO2 ETL is 1.14 × 10−4 cm2/Vs. The electron mobility of the modified device notably increases to 1.92 × 10−4 cm2/Vs after the introduction of PDINO, indicating that the electron transporting ability of the ETL can be improved effectively. The J-V curves in the dark condition of OSCs with SnO2 and SnO2/PDINO ETLs are displayed in Figure 6B. In the applied voltage range of −0.5–0 V, restrained reverse leakage currents were obtained for the SnO2/PDINO ETL device, which suggested that the PDINO modification layer could suppress the charge carrier recombination. From the dark J-V characterization, the photocurrent (Jph) dependence on the effective voltage (Veff) is plotted in Figure 6C. Jph is set as Jph = Jlight−Jdark, where Jlight is the illuminated device current density with the irradiance of 100 mW/cm2 and Jdark is the current density in the no-light condition. Veff is defined by Veff = V0−V, where V0 refers to the compensative voltage where Jph (V0) = 0, and V is the bias voltage. At a large reverse bias voltage, the saturation current density (Jsat) will nearly no longer increase and reach a maximum value. The Jsat for SnO2 and SnO2/PDINO ETL devices are determined with the values being 24.52 and 26.91 mA/cm2, respectively, where Veff = 1.2 V. The charge collection probability [P (E,T)] can be derived from Eq. 3 (Kyaw et al., 2013):
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[image: Figure 6]FIGURE 6 | (A)J–V curves of electron-only devices. (B)J–V curves of OSC devices in dark condition. (C) Plots of photocurrent (Jph) dependence on effective voltage (Veff).
At the short-circuit (Jph = JSC) and the maximum power output (Jph = J (Veff = 0.2 V)) conditions, the P (E,T)s were 0.977/0.857 and 0.981/0.899 for the SnO2 ETL and SnO2/PDINO-based devices, respectively. The larger P (E,T) suggests that PDINO modification can promote exciton dissociation and charge extraction of the devices, which is the main responsibility for achieving higher JSC and FF.
Alongside exciton dissociation and charge extraction, the charge recombination behavior also has considerable impacts on the device performance. Therefore, the J-V characterizations under different incident light intensities (Pin) were performed. The dependence of VOC on the Pin in OSCs with and without PDINO-modified ETLs can be deduced from Eq. 4 (Cowan et al., 2010):
[image: image]
The plot of VOC vs. logarithmic Pin is displayed in Figure 7A. nkT/q is the fitting line slope. k is the Boltzmann constant, T is the thermodynamic temperature, and q is the elementary charge. When the value of n draws closer to 1, it indicates that bimolecular recombination is the dominant recombination process. If the value of n approaches 2, the trap-assisted recombination will govern the recombination mechanism. The pristine SnO2 ETL device possesses a slope of 1.485 kT/q, suggesting the existence of trap-assisted recombination. After utilizing the PDINO modification layer, the trap-assisted recombination is restricted as the slope of the modified OSC reduces to 1.346 kT/q, which distinctly indicates the optimization of surface defects for the SnO2 NP ETL (Wu et al., 2019; Yang et al., 2021). To further analyze the bimolecular recombination, the dependence of JSC on the Pin was evaluated from Eq. 5 (Khlyabich et al., 2012):
[image: image]
where α is an exponential factor acquired from the fitting line slope of the JSC–Pin double logarithmic plot. Generally, an α value closer to one suggests that there is weaker bimolecular recombination in the OSC. Depicted in Figure 7B, the α value of the OSC using the pristine SnO2 ETL is 0.960, while the SnO2/PDINO ETL device shows a higher α value of 0.984. The result indicates that the bimolecular recombination of the OSC is remarkably suppressed by PDINO; the increased device FF is explained as well.
[image: Figure 7]FIGURE 7 | (A)VOC dependence on incident light intensity of the OSCs. (B)JSC dependence on incident light intensity of the OSCs. (C) Impedance spectra of the OSCs. An inset of the transmission line model equivalent circuit is in the upper right corner.
Moreover, impedance spectroscopy measurement was implemented to study the electrical contact properties of the OSCs (Tiwana et al., 2011). The Nyquist plots are displayed in Figure 7C. In the equivalent circuit of the transmission line model, R1, R2, and R3 correspond to the device series resistance, interfacial resistance, and recombination resistance, respectively (Yang et al., 2017). Derived from the Nyquist plots, the resistance metrics are listed in Table 2. The R1 values of the OSCs based on different ETLs are comparable. For SnO2/PDINO ETL–based devices, R2 is smaller than half of the value of a pristine ETL-based device, which suggests the improved charge transportation ability in the active layer/ETL interface. Meanwhile, given credit to the optimization of PM6:Y6 morphology, the decreased value of R3 indicates that the charge recombination is effectively suppressed for the active layer deposited upon the SnO2/PDINO ETL. Conclusively, these above merits lead to improved JSC and FF, which eventually enhance the PCE of the OSC.
TABLE 2 | Resistance metrics of the equivalent circuit for OSCs based on different ETLs.
[image: Table 2]CONCLUSION
In conclusion, a facile SnO2 NP ETL modification strategy by utilizing PDINO has been successfully implemented. The introduction of PDINO as a modifier could reduce the surface defects generated by the solution-based fabricating process of the SnO2 NP ETL and simultaneously regulate the formation of the active layer’s morphology. For the devices based on the PDINO-modified SnO2 NP ETL, the optimized exciton dissociation, enhanced charge collection efficiency, and suppressed molecular recombination synergistically boost the device performance. With enhanced device stability, the corresponding OSCs exhibit a maximum PCE approaching 14.9%, which improved by 17% from the pristine SnO2 devices (12.9%). Overall, this work reveals a promising pathway to modify the SnO2 NP ETL for achieving high-efficiency and stable OSCs.
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Recently, as our population increasingly ages with more pressure on bone and cartilage diseases, bone/cartilage tissue engineering (TE) have emerged as a potential alternative therapeutic technique accompanied by the rapid development of materials science and engineering. The key part to fulfill the goal of reconstructing impaired or damaged tissues lies in the rational design and synthesis of therapeutic agents in TE. Gold nanomaterials, especially gold nanoparticles (AuNPs), have shown the fascinating feasibility to treat a wide variety of diseases due to their excellent characteristics such as easy synthesis, controllable size, specific surface plasmon resonance and superior biocompatibility. Therefore, the comprehensive applications of gold nanomaterials in bone and cartilage TE have attracted enormous attention. This review will focus on the biomedical applications and molecular mechanism of gold nanomaterials in bone and cartilage TE. In addition, the types and cellular uptake process of gold nanomaterials are highlighted. Finally, the current challenges and future directions are indicated.
Keywords: gold nanomaterials, bone/cartilage, tissue engineering, molecular mechanism, uptake
INTRODUCTION
Bone and cartilage play a vital role in providing mechanical support, mobility and weight bearing for the body. At present, millions of patients are suffering from bone and cartilage degeneration and diseases, such as fractures, osteoporosis, low back pain and osteoarthritis (Zhang and Jordan, 2010; Agarwal and Garcia, 2015). Bone and cartilage-related medical treatments and costs are rising with the increase in life expectancy of the population. Therefore, tissue engineering (TE) is gradually considered a potential alternative therapeutic technique that could provide regeneration platform for bone and cartilage tissue loss or damage.
Commonly, TE involves the proliferation, stimulation, differentiation, and guidance of cells with the goal of reconstructing impaired or damaged tissues. There are three critical factors in a successful tissue regeneration: cells, scaffolds, and signaling mediators (e.g., growth factors) (Li H. et al., 2020). The repair of bone and cartilage tissue is a complicated event involving cells, signal molecules and suitable scaffolds to prepare new tissue in special environment (Keeney et al., 2011). Furthermore, the rapid development of materials science and engineering has promoted the progress of alternative medical methods for bone and cartilage diseases. Bone and cartilage TE along with modern nanomaterials science has made a significant contribution to health care and will expand further with the increasing elderly population.
Nanomaterials are tiny particles with size distribution less than 100 nm. In the last decades, various types of nanomaterials have attracted the attention of many researchers in photocatalysis (Pan et al., 2021), electrocatalysis (Zhang et al., 2021a), photoelectrocatalysis (Hu et al., 2020; Zhao et al., 2020; Huang et al., 2021), solar utilization (Jiang et al., 2020), heat management (Zhang et al., 2021b) and other fields because of their unique properties (Wang et al., 2019; He et al., 2020). Among the numerous materials, Au represents one well-studied type (Xu et al., 2016) with tunable shape (Zhu et al., 2015), structure (Ma et al., 2015), and composition (Jiang et al., 2017). For gold nanomaterials, AuNPs, as well as nanoclusters (AuNCs), nanocages, nanorods (AuNRs), nanobelts, nanoplates and so on, are becoming increasingly popular because of their optical nonlinearities (Gao et al., 2015; Huang et al., 2017; Zhang et al., 2018), local surface plasmon resonance (SPR) (Li Q. et al., 2017) and photothermal effect (Jiang et al., 2012). Considering these characteristics, it has been proved that gold nanomaterials can be used in many fields such as chemistry, biomedicine, including the diagnosis and treatment of diseases (Li et al., 2018b), sensor (Li et al., 2015), catalysis (Li et al., 2013), surface-enhanced Raman spectroscopy (Huang et al., 2019), illumination (Zhang et al., 2017b), detector (Du et al., 2018), and therapy (Yeh et al., 2012). The easy of synthesis and the unique properties of gold nanomaterials make them ideal candidates for translation from the laboratory scale into the clinical arena for use in humans.
In recent years, plenty of researchers have reported that various gold nanomaterials could regulate the cell differentiation, maintain tissue stability and promote tissue regeneration in bone and cartilage. The present review focused on the biomedical applications and molecular mechanisms of gold nanomaterials in bone and cartilage TE. We described various kinds of gold nanomaterials and their cellular uptake process, followed by discussion on biomedical applications and molecular mechanisms of gold nanomaterials in bone and cartilage TE. The future work and perspective were also provided.
TYPES OF GOLD NANOMATERIALS
The properties of gold nanomaterials depend sensitively on their size, shape, dimensionality and other properties. The types of gold nanomaterials can be classified according to these properties. Therefore, based on the dimensions of gold nanomaterials, they can be divided into several groups: zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D). Gold nanomaterials also can be sorted into various shapes such as gold nanospheres, nanocages, nanorods, nanobelts, nanosheets and so on (Dreaden et al., 2012; Dykman and Khlebtsov, 2012).
AuNPs, mostly referring to spherical gold nanomaterial, represent one type of 0D nanostructure materials possessing unique electrical, magnetic, optical and catalytic properties. AuNPs are widely used in medicine because of their excellent biocompatibility, low toxicity chemical stability and SPR detectability. They are easy to be surface-functionalized, and can be used more widely because of the ability to modify drugs, proteins, peptides and DNA (Mandal et al., 2011). Nanoparticles can easily penetrate the cell membrane and locate in the cytoplasm, thus affecting some cell signal pathways that induce differentiation (Li J. et al., 2017). It has been reported that when thiolated polyethylene glycol was coupled with AuNPs, AuNPs were able to be prevented from being attacked by the intravascular immune system, thus providing a biological basis for their use as drug carriers (Boisselier and Astruc, 2009). Recent studies have shown that AuNPs were closely related to bone and cartilage TE, especially in osteoblasts, osteoclasts, chondrocytes and bone marrow mesenchymal stem cells (BMSCs). Besides AuNPs in 0D nanomaterials, AuNCs and gold nanocages are also usually used in bone and cartilage TE due to their good stability, biocompatibility and two-photon absorption (Ramakrishna et al., 2008; Shiang et al., 2012).
In addition to 0D nanomaterials, AuNRs are an important 1D nanomaterials, that have plasma characteristics, unique optical properties, photoluminescence (Huang et al., 2009). 2D gold nanomaterials mainly include gold nanosheets, gold nanoplates and so on. For gold nanosheets, with thicknesses of single to few atomic layers, they have unique mechanical, electronic, and surface-related properties, which hold good application potential in the fields of photosensitive imaging, biological detection, catalysis and so on (Ye et al., 2019). However, compared to 0D nanomaterials especially AuNPs, the application of 1D and 2D gold nanomaterials in bone and cartilage TE deserves further study.
CELLULAR UPTAKE PROCESS OF GOLD NANOMATERIALS
It is known that gold nanomaterials need to perform their biological function by penetrating the cell membrane. Several uptake mechanisms were proposed and studied for gold nanomaterials. Cellular uptake ways of AuNPs are influenced by many factors, including shape, surface chemistry, functionalization and especially size (Chithrani et al., 2006). Li et al. (Li et al., 2016) suggested that AuNPs were taken in by human mesenchymal stem cells (hMSCs) in a size and shape-dependent manner. And AuNPs can enter into cells by various pathways such as phagocytosis, macropinocytosis, endocytosis and transcellular pathways (Zhao et al., 2011). In bone and cartilage TE, gold nanomaterials enter into cell mostly through endocytosis or transcellular pathway (Table 1). From the table, it could be inferred that endocytosis plays the most important role in bone and cartilage-related cellular uptake process of gold nanomaterials with or without functionalization. This effective uptake process keeps cell membrane intact and makes gold nanomaterials play a relatively stable function. Besides, gold nanomaterials are also able to play a role via binding to the membrane protein. In consideration of the toxicity and more secure applications, it is necessary to explore the cellular uptake mechanism of gold nanomaterials or the effect mechanism of extracellular gold nanomaterials in further related research.
TABLE 1 | The main cellular uptake processes of gold nanomaterials in bone and cartilage tissue engineering.
[image: Table 1]EFFECT AND MECHANISM OF GOLD NANOMATERIALS IN BONE AND CARTILAGE TISSUE ENGINEERING
Promotion and Regulation of the Differentiation
Bone marrow mesenchymal stem cells (BMSCs) are a heterogeneous population with high replication ability. They are pluripotent stem cells which can differentiate into osteoblasts and chondroblasts and then differentiate into bone or cartilage tissue. As mentioned above, BMSCs, one of three main factors, play a critical role in TE. The proliferation and differentiation of BMSCs can be considered as independent programmable processes, and controlling these processes in a predictable manner is crucial to regeneration of the desired tissue type. It has been reported that gold nanomaterials, mainly AuNPs, promoted osteogenic and chondrogenic differentiation through their effects on BMSCs (Yi et al., 2010; Sansanaphongpricha et al., 2020). The molecular mechanism mainly involved mitogen-activated protein kinase (MAPK), Wnt/β-catenin, and autophagy.
Regulation of Mitogen-Activated Protein Kinase Pathway
There are three parallel pathways of MAPK, including extracellular signal related kinases (ERK1/2), protein kinase 38 (p38), and c-Jun-N-terminal kinases (JNKs) pathways. ERK1/2 are generally referred to as growth factor-related kinases while p38 and JNK are often described as stress-activated protein kinases (SAPK2/p38 and SAPK1/JNK). Studies have indicated that MAPK pathway was involved in the proliferation and differentiation of osteoblasts (Greenblatt et al., 2013).
Extracellular Signal Related Kinases/Mitogen-Activated Protein Kinase Pathway
Among the three pathways, ERK/MAPK pathway is essential for cell growth and differentiation, which is also necessary for osteoblast adhesion, migration and integrin expression. In bone formation, ERK/MAPK pathway can transmit extracellular environmental information into the nucleus, which produces nuclear response to various of signals such as the stimulation of extracellular growth factors, extracellular matrix (ECM) or mechanical load (Ge et al., 2007).
In the study of Zhang el al (Zhang et al., 2014), extracellular AuNPs can activate integrin of primary osteoblasts in answer to the chemical or physical changes in ECM and convert them into intracellular signals for mediating cell behavior. In detail, integrin then activated focal adhesion kinase (FAK) and ERK phosphorylation was enhanced in later, which finally activated ERK/MAPK pathway. Meanwhile, AuNPs also could enter cells via receptor-mediated endocytosis and directly or indirectly activate ERK/MAPK pathway (Figure 1A). Runt-related transcription factor-2 (Runx-2) was an vital mediator of MAPK reaction and previous studies indicated Runx-2 was a key transcription factor regulating the differentiation of BMSCs into osteoblasts due to the function directly regulating the expression of other osteoblastic specific genes including osteocalcin (OCN) and collagen type1 (Col-1), etc (Franceschi et al., 2003). Meanwhile, bone morphogenetic protein-2 (BMP-2) took most responsibility for osteoblasts differentiation (Mahmood et al., 2011) and could enhance the function of Runx-2. In a word, AuNPs activated ERK/MAPK pathway, up-regulated the expression of Runx2, BMP-2, OCN, Col-1 and increased the activity of the early marker for osteoblast differentiation, alkaline phosphatase (ALP) and the number of bone nodules, thus proving that AuNPs stimulate osteoblast proliferation and differentiation indeed through ERK/MAPK pathway.
[image: Figure 1]FIGURE 1 | The function and molecular mechanism of AuNPs in cells. (A) Schematic diagram of the possible molecular pathways affected by the osteogenic effects of AuNPs. AuNPs activate integrin and Wnt signaling pathway extracellularly or enter cells through endocytosis and transcelluar pathway. AuNPs up-regulate Runx-2, BMP-2, ALP, Col-1, OCN, BSP and reduce PPARγ to enhance osteogenic differentiation via ERK/MAPK, P38/MAPK, Wnt/β-catenin signaling pathways and autophagy in osteogenesis-related cells. JNK/MAPK signaling pathway has been not reported so far. (B) Schematic representation of AuNPs disturbing the formation and function of osteoclasts. AuNPs inhibit ROS in BMMs, the fusion of pre-osteoclast cells or the function of V-ATPase in osteoclasts.
Protein Kinase 38/Mitogen-Activated Protein Kinase Pathway
Among the three parallel MAPK pathways, p38 is usually called stress-activated protein kinase. Li et al.(Yi et al., 2010) demonstrated that AuNPs could interact with membrane of mesenchymal stem cells (MSCs) and enter into cells through receptor-mediated endocytosis, thus functionalizing as mechanical stimuli. In cells, AuNPs bound to the related-proteins and consequently activated the p38/MAPK signal pathway (Figure 1A). The study of Niu et al. (Niu et al., 2017) also discovered the same phenomenon in human periodontal ligament stem cells (hPDLSCs). Specifically, similar to ERK, AuNPs could up-regulate of osteogenic genes such as BMP-2, Runx-2, OCN, Col-1 and so on through the p38/MAPK signal pathway. In addition, AuNP could also down-regulate adipocyte major transcription factor peroxisome proliferator-activated receptor γ (PPARγ). In summary, AuNPs can produce mechanical stimulation and activate p38/MAPK signal pathway, thus up-regulating the expression of osteogenic genes and down-regulating the adipogenesis specific genes.
Jun-N-terminal kinases/Mitogen-Activated Protein Kinase Pathway
At present, there are no studies on AuNPs promoting osteogenic differentiation by activating JNK/MAPK pathway, but some studies have proved that up-regulating JNK expression and activating MAPK can promote osteogenic differentiation through insulin-like growth factor-1, mineral trioxide and other substances (Zhao et al., 2013; Wang et al., 2014). At the same time, it is not difficult to find that in most studies on JNK/MAPK pathway, JNK and ERK often play a role together (Kim et al., 2015). Whether these two pathways influence each other in the process of promoting osteogenic differentiation is worthy of further study. In addition, some studies have found that ERK, JNK and p38-MAPK were up-regulated under mechanical stimulation (Kyriakis and Avruch, 2001; Zhou et al., 2007). As mentioned above, AuNPs can activate p38/MAPK pathway through mechanical stress to promote osteogenesis, so whether AuNPs have similar effects on JNK pathway is worth exploring. In conclusion, AuNPs of a particular size and concentration could promote osteogenic differentiation in different kind of cells by MAPK pathways.
Regulation of Wnt/β-Catenin Pathway
The Wnt/β-catenin signaling pathway regulates the differentiation of progenitor cells into osteoblasts. Wnts are extracellular proteins that are crucial in multiple cellular functions and many studies have shown that the Wnt pathway was the powerful possible mechanism of AuNPs for promoting cell proliferation (Li et al., 2018a). Wnt signals are regulated by β-catenin that plays an important role in the signaling pathway. In the study of Seon Young choi (Choi et al., 2015), researchers used chitosan as a stabilizer for the reduction of AuNPs, and detected the increased expression of specific markers of osteogenic differentiation, such as OCN, bone sialoprotein (BSP) and ALP, in human adipose-derived mesenchymal stem cells (hADMSCs) co-cultured with chitosan-AuNPs, which confirmed the role of AuNPs in promoting osteogenic differentiation through Wnt/β-catenin pathway (Figure 1A). Subsequent study reported by Zhou et al. confirmed the above phenomenon in human periodontal ligament cells as well (Zhou et al., 2018).
Also, several researches suggested that mechanical stimulation enhanced osteogenesis and inhibited adipogenesis through activation of Wnt/β-catenin signaling (Chen et al., 2017). As mentioned earlier, AuNPs can interact with the cell membrane, enter the cell through endocytosis, and combine with proteins in the cytoplasm to produce mechanical stress. This unique mechanical stress activates Wnt/β-catenin pathway similar to the activation of MAPK pathway.
Regulation of Autophagy
Autophagy is a lysosome-based degradative pathway that responds to stress and maintains intracellular homeostasis, which is critical in various physiological and pathological process, including osteogenic differentiation. AuNPs have been shown to be a novel kind of autophagy modulators (Li et al., 2010). Therefore, the mechanism of AuNPs in osteogenic differentiation of MSCs involves autophagy (Figure 1A).
In the previous study, Zhang et al. (Zhang et al., 2017a) suggested that the osteogenic differentiation induced by AuNPs depends on the activation of autophagy. The early induction of autophagy is characterized by the accumulation of LC3-II binding to autophagosomes, the up-regulation of autophagy gene Beclin-1 and the decrease of selective autophagy target p62 (Mizushima et al., 2010). It has been proved that AuNPs can up-regulate the mRNA expression of LC3 and Beclin-1, and increase the activity and mineralization rate of ALP, which represented the degree of osteogenic differentiation. The osteogenic differentiation induced by AuNPs has a high similarity with natural osteogenic differentiation, which can play an effective role in bone TE while having little effect on other normal tissues, so they have greater potential in future application.
In addition, autophagy pathway also plays an important role in the differentiation and pathological changes of cartilage tissue. Autophagy has been shown to be related to cartilage formation, and studies have shown that inhibition of autophagy can lead to delayed cartilage development (Wang et al., 2015). However, there are few reports that gold nanomaterials regulate the process of cartilage differentiation by regulating the above pathways or cytokines, and the regulation of cartilage differentiation is mainly regulated by drugs, bioactive factors and so on.
Protection for Bone and Cartilage Tissue
The Protection of Gold Nanoparticles in Bone Tissue
The protective effect of AuNPs in bone tissue is mainly through the inhibition of osteoclast. Osteoclasts, derived from monocyte/macrophage lineage cells, are the main functional cells for bone resorption and play the leading role in the balance between bone resorption and formation. The differentiation and proliferation of osteoclasts directly affect remodeling of bone tissue and hyperactive osteoclasts are the root cause for excessive bone resorption and subsequent osteoporosis. Studies have shown that AuNPs had the ability to inhibit osteoclast and were one of the most effective nanoparticles in the treatment of bone tissue diseases (Lee et al., 2016). Therefore, it is of great significance to clarify the regulatory mechanism of AuNPs on osteoclasts.
Inhibition of Receptor Activator of NF-κB Ligand-Induced Osteoclastogenesis
Receptor activator of NF-κB (nuclear factor-κB) ligand (RANKL) is a key factor motivating the differentiation and activation of osteoclasts. And RANKL is routinely used in the induction of osteoclast differentiation. Some studied have proved that AuNPs suppressed RANKL-induced osteoclastogenesis mainly by inhibiting reactive oxygen species (ROS) or the fusion of pre-osteoclast cells.
The binding of RANKL to its receptor RANK contributes to the recruitment of tumor necrosis factor receptor-related factor 6 (TRAF6) into the cytoplasmic domain of RANK. RANKL produces ROS that can act as a second messenger in bone marrow-derived macrophages (BMMs), which is involved in TRAF6, NADPH oxidase 1 (Nox1), Nox4 and Rac1. ROS then activate MAPK pathway that required for osteoclast differentiation (Atashi et al., 2015). Therefore, inhibition of ROS helps to inhibit osteoclast differentiation. Sul et al. (Sul et al., 2010) believed AuNPs, an antioxidant, inhibited RANLK-induced osteoclast formation in a dose-dependent manner at 1-2 ug/ml by attenuating ROS production and up-regulating the antioxidant enzyme glutathione peroxidase-1 (Gpx1) which prevented bone resorption (Figure 1B). Furthermore, it was believed that excessive ROS significantly restrained osteogenic signaling pathways while promoting adipogenic signaling pathways (Atashi et al., 2015). Therefore, AuNPs not only promotes osteogenesis, but also inhibits osteoclastogenesis through reducing ROS.
On the other hand, it was believed that nanoparticles could weaken RNAKL-induced osteoclastogenesis by suppressing pre-osteoclast fusion, including AuNPs (Zeng et al., 2019) (Figure 1B). Osteoclasts are multinuclear terminal cells formed via fusion of monocyte progenitors which is induced by RANKL and macrophage colony-stimulating factor (M-CSF) (Levaot et al., 2015). The fusion process involves three sequential steps. Firstly, BMMs are induced to form pre-osteoclasts possessing the ability to fusion induced by RANKL and M-CSF. Then, these cells migrate, aggregate and adhere to each other with their plasma membranes. Finally, the continuous fusion of pre-osteoclasts forms multinucleated cells, namely osteoclasts. In osteoclastogenesis, cell fusion is a necessary and rate-limiting step in osteoclast development. Li et al. (Zeng et al., 2019) demonstrated that AuNPs suppressed pre-osteoclast migration in a dose-dependent manner and prevented pre-osteoclast fusion by down-regulating expression of fusogenic genes, such as Cx43. In summary, AuNPs can suppress RANKL-induced osteoclastogenesis and they are expected to be a potential target for the treatment of excessive bone resorption.
Regulation of Acidic Microenvironment
AuNPs not only inhibit the generation of osteoclasts, but also disturb the function of osteoclasts. Osteoclasts degrade bone via lysosomal proteases activated in acidic microenvironment which are controlled by vacuolar-type H+-ATPase (V-ATPase) (Sun-Wada et al., 2003). In osteoclasts, V-ATPase can transfer protons across membranes into extracellular microenvironment and ultimately create an acidic condition. It has been demonstrated that V-ATPase mutations can contribute to paralysis of osteoclasts (Bhargava et al., 2012). In previous studies, AuNPs could prevent V-ATPase binding on the endosome membrane and inhibit the function of V-ATPase, thus alkalifying microenvironment and deactivating osteoclasts (Bai et al., 2018). Further research also suggested that AuNPs can obstruct acidification of osteoclast absorption microenvironment through directly disturbing the partial domain of V-ATPase (Bai et al., 2020) (Figure 1B). However, whether the interference of AuNPs on the activity of V-ATP enzyme will cause abnormality of other metabolic processes in osteoclasts and bone tissue, and whether other enzymes similar to V-ATPase structure or function will be inhibited by AuNPs remain to be further explored.
The Protection of Gold Nanoclusters in Bone Tissue
Gold nanoclusters (AuNCs) as emerging fluorescent nanomaterials are smaller than nanoparticles and have better biocompatibility in bone and cartilage. In the study of Kuo Li (Li K. et al., 2020), they constructed AuNCs protected by ultra-small lysozyme (Lys) and found that Lys-AuNCs could not only promote osteogenic differentiation, but also inhibit the formation of osteoclasts. More importantly, the study showed that lysozyme itself had no significant effect on improving the viability of MC3T3E1, important cells for bone tissue regeneration, and the main reason for promoting proliferation rate was the existence of AuNCs. However, except AuNPs and AuNCs, there are few in-depth studies for other types of gold nanomaterials in bone TE and in consideration of their properties, further subsequent studies are needed.
The Protection for Cartilage Tissue
Cartilage tissues with lubrication and cushioning effects are mainly responsible for large mechanical loads (Gilbert and Blain, 2018). As thus, cartilage tissues are easy to be damaged. However, the repair of impaired cartilage is always challenging. The protective function of gold nanomaterials in cartilage tissue has great application prospect, particularly in articular cartilage tissue, including rheumatic arthritis (RA) and OA.
In many studies, it has been demonstrated that AuNPs can inhibit angiogenic activities, suppress inflammation or serve as antioxidant to protect cartilage tissue in arthritis. In the study of Tsai et al. (Tsai et al., 2007), AuNPs have been shown to alleviate collagen-induced arthritis which imitated RA in humans for the first time. They could bound to vascular endothelial growth factor (VEGF), an angiogenic factor, and inhibit endothelial cell proliferation and migration. Another study also indicated that AuNPs in the form of complexes bound to VEGF to treat RA (Lee et al., 2014). Furthermore, AuNPs could down-regulate pro-inflammatory responses and consequently inhibit inflammation both in OA and RA (Gomes et al., 2016; Gul et al., 2018). And the protection of AuNPs for ECM of which the degradation is related to OA and RA have been proved. AuNPs can also quench ROS and prevent the destruction of synovitis in RA (Kirdaite et al., 2019). At the same time, AuNPs as carriers can play a good role in cartilage TE, which will be discussed in the following section.
Similar to AuNPs, gold nanocages are a kind of porous nanogold materials with good biocompatibility to easily use in combination with other materials. And they could reduce synovial hyperplasia and protect cartilage (Wang et al., 2020). As for AuNRs, it is also easy to modify the surface of their surface. And with the help of other drugs or protein, AuNRs have been shown to promote chondrogenesis (Sansanaphongpricha et al., 2020). As can be seen from the examples above, gold nanomaterials are not only useful as therapeutic agents for cartilage disease but also have enormous potential in cartilage TE.
Carriers in Bone and Cartilage Tissue Engineering
Gold nanomaterials have been widely used in biomedical fields including delivery carriers, because of their adjustable size, optical properties, as well as their biocompatibility (Lopes et al., 2019). Their deliverable application can range from small drug molecules to large biomolecules, such as proteins, DNA or RNA. Among them, AuNPs have become a promising platform for a variety of biomedical applications due to the characteristics of easy synthesis, easy functionalization, stable properties, non-toxic and so on (Boisselier and Astruc, 2009). Similar to AuNPs, AuNRs are also easy for surface modifications and ready to conjugate with functionalized polymers, antibodies and peptides (Huang et al., 2009; Bartczak et al., 2011). Therefore, in bone and cartilage TE, gold nanomaterials could serve as carriers in small molecules and biomacromolecules reputably and need pay more attention to clinic application study.
Small Molecules Delivery
Prior to acting as drug carriers, AuNPs are usually functionalized, which could enhance the stability of AuNPs, increase the circulation time, reduce their side effect, strengthen their interactional ability, improve their biocompatibility and reinforce the regional orientation of drug action. At present, the commonly used functionalization techniques include surface modification via mercaptan, polyethylene glycol (PEG), amino acid (Dykman and Khlebtsov, 2012) and combination of AuNPs with other biocompatible materials (Li H. et al., 2020). With above techniques, it is generally believed that AuNPs have good performance in drug delivery.
Heo et al. (Heo et al., 2014) combined curcumin with AuNPs to prepare cyclodextrin β-cyclodextrin coupled AuNPs, which could significantly restrain the formation of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells safely in BMMs. Nah et al. (Nah et al., 2019) used AuNPs to carry vitamin D. The developed AuNPs-vitamin D complex combined well with the mercaptan group between AuNPs and vitamin D. Through the detection of related data, it was confirmed that the complex enhanced osteogenic differentiation. Some researchers also have shown that AuNPs-loaded hydroxyapatite can be internalized into hMSCs and enhance the osteogenic differentiation of hMSCs (Liang et al., 2019). In the above examples, it can be found that AuNPs can carry many types of drugs, which can protect the biological activity of the delivered drugs while improving the bone tissue targeting of the drugs. At the same time, they can play a synergistic effect with the delivered drugs to improve the efficiency of bone TE.
In cartilage tissue, AuNPs can also play the role of drug delivery. Intra-articular injection provides a highly effective and low systemic side effect for the treatment of joint diseases, but it cannot keep the efficacy caused by reduced drug concentration. The application of AuNPs can solve this problem to some extent. Its advantage is that AuNPs can be designed in different sizes and combine with drugs, thus slowing down the clearance of drugs, and when combined with AuNPs, drugs can penetrate ECM or cell barrier (Dwivedi et al., 2015).
The reason that the nano-drug loading system can attract so much attention is mainly due to its unique performance and characteristics in the delivery of drugs for the treatment of diseases. By the way, the use of AuNPs as drug carriers can protect drugs from attacked by the human immune system, and have the characteristics of large drug loading. But at the same time, they are restricted by their limited biodegradability.
Biomacromolecules Delivery
In addition to small molecular drugs, AuNPs can also deliver large biomolecules. In practical work, researchers used a variety of ways to functionalize AuNPs, and utilized functionalized AuNPs to carry the required biological macromolecules. Their adjustable size and function make them a useful scaffold for effective recognition and transmission of biomolecules. At present, it has been proved that AuNPs were successful in the delivery of peptides, proteins or nucleic acids, such as DNA or RNA (Graczyk et al., 2020).
In the field of bone and cartilage TE, it has been reported that AuNPs can deliver siRNA, miRNA and other biomacromolecules with the assistance of various modification (Pan et al., 2016; Wu et al., 2020). AuNPs as effective biomacromolecules delivery carriers provide adequate protection to prevent them from being degraded by enzymes. Certainly, the function of above molecules was enhanced by the carriers. Similarly, AuNRs could serve as delivery carries of BMP-2 and siRNA and ultimately promote osteogenesis and chondrogenesis (Tsai et al., 2007; Zhao et al., 2015; Sansanaphongpricha et al., 2020). In summary, there is massive clinical potential for gold nanomaterials as carrier in bone and cartilage TE.
CONCLUSIONS AND FUTURE PERSPECTIVE
The effective combination of nano-bioengineering and regenerative medicine has become the focus of international research. After establishing interdisciplinary nanotechnology fields, it may be believed that nanomaterials will combine with chemically and clinically applicable fields in the next generation of chemical and medical platforms. Gold nanomaterials, as a new type of medical materials, play a direct role as drug or indirect role as drug carriers. They not only promoted the progress of alternative medical methods, but also provide new ideas and new goals for the clinical treatment for bone and cartilage diseases represented by osteoporosis, bone defect and arthritis. In this review, the majority of biomedical mechanism and applications demonstrated that gold nanomaterials, especially AuNPs, had a protective effect on bone and cartilage tissue and could be further modified to promote delivery efficiency and loading with other drugs or biomacromolecules. However, it is worth noting that gold nanomaterials need further examination in clinical studies, which may obviously provide help for reducing the medical pressure on bone and cartilage diseases, increasingly with a rapidly aging population.
In spite of the potential therapeutic effectiveness of gold nanomaterials, several limitations and deficiencies of their applications remain. In bone and cartilage TE, the application of gold nanomaterials is mainly limited to 0D AuNPs and 1D AuNRs. However, while 2D gold nanosheets and other hierarchical gold nanomaterials with different and unique physical and chemical properties are well used in different directions, such as tumor treatment, examination, imaging and so on, there are few reports on the application of these materials in bone and cartilage TE. It is thus highly desirable to explore their utilization due to the broad research prospects. In addition, whether naked gold nanomaterials can have a therapeutic effect on chondrocytes and cartilage tissue needs to be further clarified with potential mechanism.
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