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Editorial on the Research Topic 
Physical Model and Applications of High-Efficiency Electro-Optical Conversion Devices

MODELING OF HIGH-EFFICIENCY ELECTRO-OPTICAL CONVERSION DEVICES
To improve the performances of an electro-optical conversion device, a physical model of the same is needed. In fact, once an appropriate model is built, the optimization of the device design is possible. In particular, electrochemical properties are very relevant to the efficiency of electro-optical conversion devices. It has been shown that impurity doping is an effective method of improving electrochemical performance [1–4]. An Al-doping ternary cathode material model based on first principles density functional theory is proposed to improve the electrochemical performance of the device (Gao et al.). In this model, Al doping provides the ternary cathode material with better electrical conductivity and cycling ability, therefore results in a significant improvement in the rate performance of the material. On this basis, considering that Li-rich Mn-based oxides are also commonly used cathode materials for battery modules of electro-optical conversion devices, a similar model is established to simulate the effects of changing sodium doping amounts on the electrochemical properties of the oxide (Gao et al.). The results show that the conductivity is larger when the sodium doping amount is 0.1 mol. In addition, a model is developed to prepare n−-n+ photodiodes by growing Bi-doped MAPbCl3 epitaxial layer on MAPbCl3 single crystal substrate (Zhao et al.). Specifically, impurity doping can improve the physical and electrochemical properties of conventional materials, leading to an increase in the efficiency of electro-optical conversion devices [5, 6].
At the same time, high self-heating and low heat dissipation are the critical issues needed to be addressed during the operation of electro-optical conversion devices. Heat is generated during devices operation, resulting in higher device temperature and thermal droop. Building some specific models to reduce the thermal droop can effectively boost the efficiency of the devices and promote the energy saving [7–9]. A model based on thermal transport effects is proposed to study electron transports and transport efficiency of LEDs under high and low bias voltages. When the applied voltage is lower than the photon voltage, heat generated in the circuit is exchanged and absorbed by carriers. This allows to improve the efficiency of the whole system through energy recovery and heat collection (Lu et al.). The new model can act as the research prototype to design high-efficient LED arrays for better energy recycling and thermal control. Based on the concept of heterostructure, a model is proposed to obtain a new type of nanowire (NW) photoanode by strong enhancement of the photocurrent in solar water splitting. A heterostructure with correct staggered band arrangement greatly enhances the separation and transmission of photogenerated carriers. It not only improves the efficiency of n-type photoanode, but also solves the problem of p-type doping that has a great impact on the device (Zhao et al.).
The presence of Majorana bound states (MBSs) in the circuits can greatly affect the value of the currents. Therefore, accurate detection of MBSs is one of the core issues addressed by modeling electro-optical conversion devices [10]. In the framework of the nonequilibrium Green’s function, a new model is established to investigate electronic transport in a quantum dot (QD) which is coupled to a phonon bath and MBSs simultaneously (Wang et al.). With a certain bias voltage, by selecting correct parameters, heating can be suppressed even if the current is increased. This permits to eliminate the waste heat generated by the current through the low dimensional circuit. Properties of spin Seebeck effect in a quantum dot coupled to topological superconductor hosting a pair of MBSs are theoretically studied by nonequilibrium Green’s function method (Sun et al.). This model may have practical applications in the detection of MBSs and be used in highly efficient spin-thermal devices. It is an ideal choice for designing energy-saving devices. Based on the characteristics of MBSs in photon-assisted tunneling (PAT) process, it is valuable to study the influence of MBSs on thermoelectric properties by using optical technology [11–14]. Considering the irradiation of photon field, conductivity and thermoelectric properties of a QD coupled to MBSs are studied (He et al.). As the coupling strength between the QD and MBSs increases, the combined action of MBSs and PAT can significantly improve the thermoelectric energy. Meanwhile, a sign change of the thermopower induced by changing either dot-MBSs coupling or temperature is analyzed. This can be used as the evidence of the existence of MBSs. In spintronic devices, a key quantity is the relative change of current called tunnel magnetoresistance (TMR). A model of double quantum dots in series is established, and the properties of electrical current and TMR in the model are studied theoretically (Tang et al.). The magnitude of currents can be changed by adjusting the sign of spin polarization and the arrangement of magnetic moments. When two spin polarizations are the same in sign, a negative TMR emerges which is useful in detection of the MBSs. This tunable current and TMR can also be used for efficient spintronic devices or information processing. The properties of local heat originated from energy exchange are studied theoretically in a quantum dot (QD) (Wang et al.). A dual negative differential of heat generation (NDHG) effect is found in the model. In addition, the simulation results show that the dual NDHG effect is robust against the variation of intradot Coulomb interaction strength, and may remedy some limitations of tunneling spectroscopy technique.
The previous physical models can determine the properties of electro-optical conversion, electrochemistry and heat generation, etc. Selecting right parameters to optimize models can lead to higher efficiency in electro-optical conversion devices. As electro-optical devices continue to shrink in size, increasing the conversion efficiency of devices will not only allow for better performance, but also expand their application in new materials and structures.
APPLICATIONS OF HIGH-EFFICIENCY ELECTRO-OPTICAL CONVERSION DEVICES
The development of new materials and structures is needed for the application of electro-optical conversion devices [15, 16]. III-V multijunction solar cells are widely used in space applications due to their super high electro-optical conversion efficiency and radiation resistance (Li et al.). The need of a tradeoff between bandgap matching and lattice matching promotes the development of new structures and materials of solar cells (Li et al.). The conversion efficiency can be effectively improved by crystalline silicon heterojunction solar cell. Furthermore, latticematched GaInP/GaAs/Ge triple junction solar cell fabrication technology is mature and can be used in large-scale production. A polychromic macromolecular dye system using azopyrazolone as chromophore is proposed (Deng et al.). The dye system is constructed with azopyrazolone dye as the chromogenic matrix. The binding effect of the bridge group in space is used to reduce the dipole moment of the entire molecule and the backflow effect of oil with external electric field. This method can effectively improve the solubility, absorption coefficient and light stability of dyes. In addition, an ultrafast modulation effect on local magnetization orientation in the GdFeCo layer is obtained when it is triggered by the femtosecond laser pulse and driven by the effective exchange field (Xie et al.). This method is conducive to the development of exchange-coupled composites.
The optimization of algorithms is of great significance to promote the application of high-efficiency electro-optical conversion devices (Liu et al.). In order to measure the actual driving distance of vehicle ahead, an improved sum of squared difference (SSD) algorithm is proposed (Lin et al.). Gaussian blur and gray conversion are used to optimize images, and then the improved SSD is used for stereo matching and disparity calculation to obtain the corresponding distance value of each point. This method can effectively improve the accuracy of stereo matching and disparity calculation, and can be applied to license plate recognition and other fields. A novel generation and transmission method of 400G signal is demonstrated with single discrete Fourier transform-spread (DFT-spread) band to avoid multi-band inter-sub-band interference (Liu et al.). The problem of increasing bandwidth brings about by the development of mobile Internet can be solved by this technology. The optimization of algorithms can also be used to improve the performance of electro-optical conversion devices, such as electrophoretic displays (EPDs) and electrowetting displays (EWDs) (Tian et al.) [17, 18]. A driving waveform based on driving process fusion and black reference gray scale is proposed to improve the performance of EPDs (Wang et al.). In this driving waveform, the DC balance rule is used to prevent the display breakdown caused by charge trapping, and the black state is used as the reference gray scale to reduce the driving time. Similarly, some driving waveforms are proposed to reduce contact angle hysteresis, response time and charge trapping, and improve the aperture ratio of EWDs (Yi et al.) [19]. A driving scheme for EWDs using alternating current (AC) voltage is proposed and the inhibitory effect of AC voltage on contact angle hysteresis is proved (Wang et al.). As for reducing response time, a driving waveform based on overdriving voltage is proposed to increase the response speed of oil (Zeng et al.). The influence of different overdriving voltages on response time is tested. The experimental results show that overdriving the voltage can effectively reduce the response time. The charge trapping of EWDs also needs to be solved. A method shows that charge trapping can be reduced by a periodic reset signal, and the oil backflow can also be reduced by the reset signal (Zhang et al.). In a previous study, it has been proven that oil splitting is one factor which can lead to the decrease of aperture ratio [20]. A driving waveform with a narrow falling ramp, low-voltage maintenance, and a rising ramp is proposed to reduce oil splitting (Lai et al.). The low voltage maintenance stage in this driving waveform can effectively suppress the oil splitting. In addition, the inhibitory effect of rising gradient voltage on oil splitting is shown in another driving scheme (Tian et al.).
The latest progress of applications of electro-optical conversion devices was discussed in this section. Study on new materials, structures and algorithms can effectively improve the electro-optical conversion efficiency and increase the various possible applications of electro-optical conversion devices, which may enable new technologies to facilitate people’s lives and promote further industrialization.
CONCLUSION
The latest technology developments impose tighter requirements for the conversion efficiency of electro-optical conversion devices. In this reserch topic, new high-efficiency electro-optical conversion devices are described. At first, the impact of the latest models of electro-optical conversion devices on their performance is introduced. Then, the new materials, structures and algorithms of electro-optical conversion devices are classified and summarized, which provides reference value for increasing their performance and application scenarios. In the future, the rapid development of electro-optical conversion devices is expected to bring technological breakthroughs in the fields of solar cells and new displays.
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We have studied theoretically the properties of electrical current and tunnel magnetoresistance (TMR) through a serially connected double quantum dot (DQD) sandwiched between two ferromagnetic leads by using the nonequilibrium Green’s function technique. We consider that each of the DQD couples to one mode of the Majorana bound states (MBSs) formed at the ends of a topological superconductor nanowire with spin-dependent coupling strength. By adjusting the sign of the spin polarization of dot–MBS coupling strength and the arrangement of magnetic moments of the two leads, the currents’ magnitude can be effectively enhanced or suppressed. Under some conditions, a negative TMR emerges which is useful in detection of the MBSs, a research subject currently under extensive investigations. Moreover, the amplitude of the TMR can be adjusted in a large regime by variation of several system parameters, such as direct hybridization strength between the MBSs or the dots and the positions of the dots’ energy levels. Such tunable currents and TMR may also find use in high-efficiency spintronic devices or information processes.
Keywords: double quantum dots, Majorana bound states, spin-dependent coupling strength, tunnel magnetoresistance, ferromagnetic leads
1 INTRODUCTION
Electronic transport through structures composing of quantum dots (QDs) hybridized with a topological superconductor nanowire (TSNW) hosting Majorana bound states (MBSs) [1–3] has aroused much interest in recent years. The zero-energy MBSs are exotic self-conjugate quasiparticles that have been successfully realized in encouraging experiments [4–6] during the last decade. One of the most attractive platforms [7, 8] to host and detect MBSs is a superconductor proximitized semiconductor nanowire having the spin–orbit interaction and strong Zeeman splitting. Previous theoretical work predicted that the combined effects of the spin–orbit interaction and the large enough Zeeman splitting will convert an ordinary [image: image]-wave superconductor into a [image: image]-wave one so as to realize the MBSs. Recently, quantized electrical conductance peak at zero-bias voltage [9, 10] in a TSNW device was observed, which is a significant breakthrough for the demonstration of MBSs. Unfortunately, this zero-bias abnormal conductance peak cannot solely be attributed to the existence of MBSs and then some other means, such as the fractional Josephson effect [11–13] and thermoelectric effect [14–18] in systems composing of QDs with side-coupled MBSs were proposed to detect the existence of MBSs.
Some previous theoretical and experimental work has shown that the MBSs will affect the electronic transport processes through QD-based devices in a significant way [19, 20]. For example, Baranger and his co-author proved that the value of the conductance in a single QD, which is coupled to the left and right leads, will remain at half of its quantum value [image: image], regardless of the positions of the dot’s energy levels [21]. If both the spin directions of electrons on the QD are coupled to the MBSs [20, 22–24] with different hybridization amplitudes, which depend on the spin–orbit interaction length in the TSNW, they will interfere with each other through the MBSs and then will change the current significantly. For electron–hole symmetry, the zero-bias conductance is [image: image] which is the sum of [image: image] for one spin direction and [image: image] for the opposite spin direction. In addition to the single-QD structure, impacts of MBSs in the double quantum dot (DQD) have also been investigated in recent years [25–27]. As compared to the single QD, there are richer physical contents in the DQD with more tunable system parameters, such as the interaction between the two dots, arrangement of the dots’ energy levels, separate coupling between the dots and the leads, and so on.
It is known that the zero-energy MBSs exert remarkable effects on the electrical conductance and current around the zero-bias regimes. But under such a condition, the amplitude and changes of the above quantities are usually small and hard to be detected. In fact, the quantity of tunnel magnetoresistance (TMR) [28–30], which measures the relative change of the currents’ amplitude, is frequently used as detection means in electronic transport. It is also a key quantity in spintronic devices. The TMR is defined as [image: image], where [image: image] is the electrical current when the ferromagnetic leads’ magnetic moments are arranged in parallel (antiparallel) configuration. Usually, the value of TMR is positive because [image: image] is contributed from transport processes when electrons tunnel between the majority–majority and minority–minority spin bands, whereas [image: image] is from electronic transport between major–minority spin bands. The tunneling in parallel configuration is easier than in the antiparallel one, inducing a positive TMR [28–30]. In the presence of coupling between the QDs and MBSs, however, the electrical current when the leads’ magnetic moments are in antiparallel can be enhanced to be larger than that of the parallel configuration. Such a change in the currents will induce a negative TMR which is promising in detection of the MBSs, as was proved in our previous work [31], in which we found two criteria that can be used for detecting the existence of MBSs. One is the peak to valley evolution of TMR when the dot’s level is fixed at zero, and the other is the sign change of TMR for the nonzero QD’s energy level. Moreover, we have found that the negative TMR can be significantly enhanced by the left–right asymmetry of the line-width functions. In the present DQD system, however, we study other mechanisms to reverse the sign of TMR, that is, the spin polarization of the DQD–MBS coupling strength. The most interesting result we find is that the magnitude of TMR can be either enhanced or suppressed by changing the sign of the spin polarization of the dot–MBS coupling strength. The negative TMR is unchanged by various system parameters, such as the direct overlapping between the MBSs, the difference between the dots’ level, and the tunnel coupling between the two dots. Single QD has been successfully inserted in between the ferromagnetic leads [32], and abnormal sign change of the TMR may be realized in experiments. There are also investigations on the Kondo effect in a single QD coupled to ferromagnetic leads [24] and showed that the impacts of the ferromagnetism on the leads will induce more interesting result due to the presence of the MBSs [33]. As a natural extension, we study properties of the electrical current and TMR in a DQD coupled to ferromagnetic leads and MBSs (see Figure 1). Different from some previous work [31, 33], we consider that the case that spin-up and spin-down electrons on the QD are coupled to the MBSs with different hybridization amplitudes [20, 22–24]. Our results show that the sign and the amplitude of the TMR can be adjusted in a large regime by variation of several system parameters, especially the spin polarization of the DQD–MBS hybridization, which is useful in detection of the MBSs, as well as in the design of spintronic devices or information processes. It should be noted that except the topological superconductor nanowires, the MBSs have also be prepared in some other systems, such as electrostatic defects in topological superconductors [34], the semiconductor [7], or ferromagnetic [35] nanowires with native strong spin–orbit interaction proximitization to a conventional s-wave superconductors, and theJosephson junctions [11].
[image: Figure 1]FIGURE 1 | Schematic plot of the DQD coupled to ferromagnetic leads with coupling strength [image: image] and to each other by [image: image]. The left and right dots interact individually with one mode of the MBSs at the end of topological superconductor nanowire with spin-dependent hybridization amplitude is given by [image: image], in which [image: image] is the spin polarization of the dot–MBS coupling strength. The two modes of the MBSs overlap with each other with amplitude of [image: image].
2 MODEL AND METHODS
The Hamiltonian of the studied system shown in Figure 1, which is composed of the DQD each of which connected to the left and right ferromagnetic leads and to one mode of the MBSs, can be written as the following form [21, 24],
[image: image]
where the creation (annihilation) operator [image: image] is for electrons having wave vector [image: image], energy [image: image], and spin [image: image] in the [image: image]-th [image: image] ferromagnetic lead. The second term in the right side of Eq. 1 is for electrons on the DQD with energy level [image: image]. The creation (annihilation) operator of the electrons on the QD-[image: image] is [image: image]. The third term in the right side of Eq. 1 denotes hopping between the two dots via a tunnel barrier with strength [image: image]. The forth term in the right side of Eq. 1 describes tunneling between the dots and ferromagnetic leads with amplitude [image: image]. In the present structure, QDs 1 and 2 are connected to the left and right ferromagnetic leads, respectively. The last term in Eq. 1 is for the MBSs realized at opposite ends of the TSNW and their couplings to the DQD [21, 24],
[image: image]
in which [image: image] is the spin-dependent coupling strength between the QD-[image: image] and the mode-[image: image] of the MBSs, in which [image: image] is the QD–MBS coupling strength independent of the electron spin and [image: image] is the spin polarization of the coupling strength. The operators of the MBSs have the properties of [image: image] and [image: image]. For the convenience of calculations [21], we replace the Majorana fermion operators [image: image] with the regular fermion operators [image: image] and [image: image] by the transformation of [image: image], and then Eq. 2 is rewritten as
[image: image]
In terms of the Hamiltonians given by Eqs 1 and 3, spin-dependent electrical currents [image: image] can be calculated by the nonequilibrium Green’s function technique as [23, 24]
[image: image]
in which the Fermi distribution function for the left and right leads are given by [image: image], with [image: image] being the chemical potential in the left/right lead held at temperature [image: image]. The transmission coefficient [image: image] in Eq. 4 is calculated with the help of Green’s function as [34] [image: image], where [image: image] is the electron retarded Green’s function and [image: image] is the line-width function with [image: image] being the local density of states in the lead [image: image] [28–30]. As an equivalent choice, the ferromagnetism on the leads is considered by the spin-dependent tunneling amplitude between the leads and the dot [image: image]. Introducing the spin polarization of the leads [image: image], we obtain [image: image] and [image: image], where [image: image]. In the present article, we consider that the cases of the magnetic moments are arranged in parallel [image: image] and antiparallel ([image: image]) configurations. We calculate Green’s function in terms of the Dyson equation technique [24], that is, first, we calculate the free dots’ Green’s function by the equation of motion method and then the interactions between the dots and the leads, as well as with the MBSs are taken into consideration in the form of self-energies. In the absence of the Coulomb interaction between electrons, the present Dyson equation will give essentially the same Green’s function as that derived by the equation of motion method [23, 36, 37]. Choosing the basis as [image: image], the Dyson equation is written in a matrix form as [image: image], in which [image: image] is the dot’s retarded Green’s function in the absence of all interactions and [image: image] is the self-energy. The matrix form of [image: image] is
[image: image]
in which the diagonal matrix is
[image: image]
with [image: image][image: image][image: image] and [image: image] The matrix self-energy [image: image] is composed by the line-width function (for interaction between the dots and the leads) [image: image] and the dot–MBS coupling strength [image: image]; its expression is
[image: image]
in which
[image: image]
[image: image]
[image: image]
The spin-dependent transmission is then calculated by [24] [image: image].
3 RESULTS AND DISCUSSION
In this section, we present our numerical results for the spin-dependent currents and TMR. We choose the leads’ bandwidth [image: image] as the energy unit with fixed [image: image], [image: image], [image: image], and [image: image] throughout the article. Figure 2 shows the impacts of dot–MBS coupling strength [image: image], overlap amplitude between the MBSs [image: image], and difference between the dots’ levels [image: image] on the currents [image: image] and differential conductance [image: image] without ferromagnetism on the leads [image: image] and spin polarization of the dot–MBS coupling strength [image: image]. In the absence of interaction between the DQD and MBSs, the molecular states of the system are positioned at [image: image], around which the current develops a step as shown in Figure 2A [38]. For the chosen parameters, the molecular states in Figure 2A are at [image: image], where the conductance arises a peak as seen from the solid black line. The reason is that when the bias voltage [image: image] (Fermi level of the left lead [image: image]) equals to each of the molecular states, electrons will tunnel into the dots from one lead and out to the other one, resulting in an increase of the current [34, 35]. Note that the current is attributed from electrons whose energy is close to the Fermi level of the leads. Therefore, the current reaches a plateau when the bias voltage is shift away from the molecular state as all the electrons have taken part in transportation (see also the conductance in Figure 2B which is almost zero when the bias voltage is larger or smaller than the resonant energies). In the presence of coupling between the MBSs and DQD [image: image], the states on the dots are split. For the case of [image: image], the states are roughly at [24, 27] [image: image] and [image: image] and then are shifted to [image: image] and [image: image] for [image: image], at which the conductance in Figure 2B develops peaks. It should be emphasized that the steps (peaks) in the current (conductance) at the molecular states [image: image] are robust against the dot–MBS coupling. The peaks at [image: image] are lowered by increasing [image: image] but remain at the same positions. The stabilization of the states at [image: image] can also be seen from Figures 2C, D, in which the steps of the current and peaks of the conductance at [image: image] are almost unchanged by the variation of [image: image]. The two molecular states (peaks in the conductance) at large bias voltage regimes disappear due to the presence of direct coupling between the MBSs [image: image], which is consistent with the previous results that the overlapping between the two modes of the MBSs will reduce their impacts on the electronic transport processes [19, 20]. One of the attractive advantages in the DQD as compared to the simple single QD is the tunable difference between dots’ levels that can adjust tunneling through the system. Figures 2E, F present the current and conductance under different values of [image: image], respectively. As was indicated above, the difference between the dots’ levels shifts the positions of the molecular states and then the positions of the steps (peaks) in the current (conductance). Moreover, the magnitudes of the currents and the conductance are weakened by increasing [image: image], as shown by the dashed and dotted lines in Figures 2E, F. This is because that the direct tunneling under the condition of identical dots’ levels is blockaded in the presence of [image: image], and then, electronic transport can only take place through the levels mediated by the MBSs [24, 27, 34]. From Figure 2, one can see that the influences of the MBSs on the transport properties through the present DQD are quite different from those in the single QD system. For example, the zero-bias peaks in electrical conductance formed in the single dot structure by the presence of MBSs disappear in this DQD due to the direct tunneling between the two dots. Moreover, the value of the conductance in the single dot keeps at its half of quantum value [image: image] at sufficiently low temperatures, regardless of the dot’ level [21], but in the DQD, there is no certain value in the presence of coupling between the DQD and MBSs.
[image: Figure 2]FIGURE 2 | Electronic current [image: image] in A,C, and E and the associated differential conductance in B,D, and F varying with respect to the bias voltage [image: image] for the case of the DQD coupled to nonmagnetic leads ([image: image]). In addition to the parameters given in the figure, other ones are [image: image], [image: image], [image: image], [image: image], and [image: image]. In such a system, the spin-up and spin-down currents are identical.
With the results in Figure 2, we now study the currents in Figure 3 for different values of [image: image] when the dots are coupled to ferromagnetic leads whose magnetic moments are arranged in either parallel or antiparallel configurations. The spin-up current [image: image] in Figure 3A is suppressed with increasing [image: image] in a non-monotonous way due to the complex molecular states induced by dot–MBS coupling. Since both spin-up and spin-down electrons interact with the MBSs, they will interfere with each other during tunneling through the structure [20, 24]. Therefore, the transport processes in the present DQD are more interesting and complex than those in the absence of MBSs. The absolute value of [image: image] in Figure 3B is monotonously enhanced with increasing [image: image] due to the weaker coupling strength between spin-down electrons and the MBS. The absolute value of the total current [image: image] in Figure 3C is mainly suppressed (enhanced) in the bias voltages [image: image]. When the magnetic moments of the two leads are arranged in antiparallel configuration, the properties of the currents essentially resemble those in the parallel configuration. By comparing Figure 3C with Figure 3F, one can see that the total current in antiparallel [image: image] changes more obviously than [image: image]. The reason can be explained as follows [30, 31, 38]: when the magnetic moments of the leads are in parallel configuration, spin-up and spin-down electrons transport through the DQD from the major–major and minor–minor bands, respectively. Now the incoming and outgoing tunneling rates (line-width function) are the same for both spin directions. But when the leads’ magnetic moments are in antiparallel configuration, both of the spin-up and spin-down electrons are transporting between major and minor bands, which means that the incoming and outgoing tunneling rates are different from each other, and then, the current’s amplitude is weaker than that in the parallel configuration. In the presence of coupling between the dots and MBSs, the currents in the parallel configuration are changed more obviously than those in the antiparallel one [20, 31]. This may cause the total current in the parallel configuration to be larger than that in the antiparallel one and induce a negative TMR as will be shown later.
[image: Figure 3]FIGURE 3 | Spin-dependent and total currents for parallel configuration in A–C, and antiparallel one in D–F with [image: image], [image: image], and different values of [image: image]. Other parameters are as in Figure 2.
As is seen from Figures 2, 3, the variation of the currents around the zero bias, where the MBSs play an important role, is quite nonobvious. We then present the TMR in Figure 4 varying with respect to the bias voltage for both positive and negative [image: image]. For [image: image], the coupling strength [image: image] is larger than [image: image] and then the current contributed from spin-up electrons, which tunnel between major–major spin bands in the parallel configuration and are the main contribution to the total current, is suppressed [24, 34, 35]. Even the spin-down electrons in the parallel configuration is slightly enhanced; the total current near zero bias is suppressed which can be seen from Figure 3. When the magnetic moments are arranged in the antiparallel configuration, the change of the total current is relatively small as the electrons tunnel between major–minor spin bands. Due to the above change of the current in different configurations, the TMR is negative for sufficiently large [image: image] in Figure 4A. When the spin polarization of the dot–MBS coupling strength is negative [image: image], the coupling between spin-up electrons becomes weaker with increasing [image: image], and then, the magnitude of the spin-up current is enhanced, accordingly. Since the spin-up electrons are the main contribution to the current in the parallel configuration, the total current will also increase with increasing [image: image]. Just for the same reason, the total current in the antiparallel configuration changes much less obviously than that in the parallel configuration. These result in an enhanced positive TMR as shown in Figure 4B. In the bias regimes of [image: image], both negative and positive TMR develop a plateau at large [image: image]. This change from the positive peak to negative dip in the TMR is quite interesting as it is useful in either detection of the MBSs or design of spintronic devices.
[image: Figure 4]FIGURE 4 | TMR for positive [image: image] in A and negative [image: image] in B. Other parameters are as in Figures 2, 3.
Figure 5 shows the influences of the ferromagnetism of the leads on the currents and the TMR for [image: image], which gives the dot–MBS coupling strength as [image: image] and [image: image]. For the case of [image: image], [image: image] in the parallel configuration decreases with increasing [image: image] in that more electrons are influenced by the MBSs. As for the spin-down electrons that are less influenced by the MBSs because their coupling between the leads are weakened with increasing [image: image], the absolute current contributed from them is suppressed. The properties of the current in the antiparallel configuration can be explained in the same way. The TMR for [image: image] changes from the negative value to the positive one with increasing [image: image] as shown in Figure 4C. This is because that the negative TMR arises from the coupling between the QDs and MBSs. With increasing spin polarization of the leads, the coupling between spin-up electron and the leads is enhanced due to the increased spin-up line-width function. Therefore, the impacts of the dot–MBS coupling on the current then become relatively weak with increasing [image: image], and then, the value of TMR is enhanced to positive. When [image: image], the absolute value of current in the parallel (antiparallel) configuration is enhanced (suppressed) with increasing [image: image], which results in larger TMR shown in Figure 5F. The value of the TMR for [image: image] is about ten times larger than that of [image: image], a phenomenon useful in spintronics.
[image: Figure 5]FIGURE 5 | Total currents in parallel configuration [image: image] and antiparallel configuration [image: image] and TMR for positive [image: image] in A–C and negative [image: image] in D–F. Here, we set [image: image], and other parameters are as in Figures 2,3.
Figure 6 presents the impacts of [image: image], [image: image], and [image: image] on the TMR. As is known, the direct overlapping between the two modes of the MBSs will weaken the influences of MBSs on electronic transport around zero-bias regime. This can be seen from Figure 6A that the negative plateau of the TMR in the bias regimes of [image: image] is raised with increasing [image: image]. But even for [image: image], the TMR remains negative with a relatively large value. Figure 6B indicates that the negative plateau becomes wider and lower with increasing [image: image], which is consistent with the above discussions. For sufficiently large [image: image], the zero-bias TMR keeps at a minimum value. Figure 6C shows that the plateau of negative TMR is split into two dips by the presence of [image: image] due to the shift of the molecular states as indicated in Figure 2. Interestingly, the magnitude of the negative TMR remains almost unchanged even if the dots’ levels are different from each other. The above three figures indicate that the phenomenon of negative TMR are rather stable in this DQD structure and may provide a reliable means to detect the existence of the MBSs. It is known that the Coulomb interaction between electrons plays an important role in transport processes. At temperatures higher than Kondo one [24], the Coulomb interaction mainly induces the so-called Coulomb blockade effect [23] in mesoscopic systems, that is, the current–voltage curve will display steps corresponding to the peaks in the electrical conductance, which arises from the blockade of additional electron transport processes when the scattering regions (such as QD) are occupied by electrons. In the present article, however, we neglect the impacts of the Coulomb blockade effect in that the MBSs affect transport processes when the dots’ level is aligned to the Fermi levels in the leads. The Coulomb interaction will only induce another step in the current in higher energy levels, where the impacts of MBSs are weak.
[image: Figure 6]FIGURE 6 | TMR for different values of [image: image] in A, different [image: image] in B, and different [image: image] in C. In addition to the parameters given in each figure, other ones are as in Figures 2,3.
4 SUMMARY
In summary, we have studied the spin-polarized currents and TMR in a DQD coupled to both ferromagnetic leads and MBSs formed at the ends of a topological superconductor nanowire. Our calculation results show that the currents through the system can be effectively adjusted in terms of the spin polarization of either ferromagnetic leads or coupling strength between the dots and the MBSs. When the two spin polarizations are the same in sign, the currents’ amplitude in the antiparallel configuration can be larger than that in the parallel one, which results in an obvious negative TMR that can be used for detecting the existence of the MBSs. If the two spin polarizations are different in sign, however, then the TMR is positive and can be further enhanced by adjusting system’s parameters. Such a result is useful in designing high-efficiency spintronic devices. The negative or positive TMR is robust against variations of the overlapping between the MBSs, the tunnel coupling between the two dots, or even the difference between the dots’ energy levels.
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The demands for space solar cells are continuously increasing with the rapid development of space technologies and complex space missions. The space solar cells are facing more critical challenges than before: higher conversion efficiency and better radiation resistance. Being the main power supply in spacecrafts, III-V multijunction solar cells are the main focus for space application nowadays due to their high efficiency and super radiation resistance. In multijunction solar cell structure, the key to obtaining high crystal quality and increase cell efficiency is satisfying the lattice matching and bandgap matching conditions. New materials and new structures of high efficiency multijunction solar cell structures are continuously coming out with low-cost, lightweight, flexible, and high power-to-mass ratio features in recent years. In addition to the efficiency and other properties, radiation resistance is another sole criterion for space solar cells, therefore the radiation effects of solar cells and the radiation damage mechanism have both been widely studied fields for space solar cells over the last few decades. This review briefly summarized the research progress of III-V multijunction solar cells in recent years. Different types of cell structures, research results and radiation effects of these solar cell structures under different irradiation conditions are presented. Two main solar cell radiation damage evaluation models—the equivalent fluence method and displacement damage dose method—are introduced.
Keywords: III-V solar cells, multijunction, high efficiency, radaition resistance, degradation
INTRODUCTION
Space solar cells, being the most important energy supply unit, have been employed in spacecrafts and satellites for over sixty years since the first satellite was launched in 1958 [1]. It has been developed from the initial single junction low efficiency silicon solar cells [2] to the now high efficiency multi-junction III-V compound multi-junction solar cells [3]. The main objectives of space solar cell development are directed toward to improving the conversion efficiency and reducing the mass power ratio and increase the radiation hardness [4–7]. At present, the highest conversion efficiency of solar cells is 47.1% achieved by six-junction inverted metamorphic (6 J IMM) solar cells under 143 suns [8]. The high-efficiency III-V triple-junction cells are also becoming the mainstream of space solar cells. The best research-grade multi-junction space solar cell efficiency so far is 35.8% for five-junction direct bonded solar cell and 33.7% for the monolithically grown 6 J IMM multi-junction solar cell [9, 10]. Despite the high fabrication cost, they offer excellent performance and reliable stability for space missions [11–13]. GaInP/GaAs/Ge (1.82/1.42/0.67 eV) lattice-matched triple-junction cells are well established with efficiencies of over 30% and fulfilled many space applications in the past two decades. However, the current mismatch between its subcells makes it difficult to improve the conversion efficiency further [14]. New structures of current matched or lattice mismatched solar cell structures and different fabrication methods are proposed to overcome this problem, such as the metamorphic (MM) growth method [15], mechanical stack [16], wafer bonding technology [17], etc.
While improving the efficiency of space solar cells, the radiation resistance should also be considered. In-orbit solar cells suffer from irradiation damages due to high energy protons and electrons in the earth's radiation belt and cosmic rays [18, 19], and consequently, the photoelectric performance of solar cells will be degraded. The main reason of the degradation of solar cell performance is due to the radiation-induced displacement damage in the solar cell lattice, resulting in a decrease in the lifetime of the photo-generated carriers [20–22]. Therefore, the degradation mechanism and performance of solar cells under an irradiation environment must be explored, and it is necessary to apply radiation hardening methods before the space mission starts. The degradation of electrical performance in solar cells directly affects the life-time of space missions. The researchers aimed at improving the radiation resistance of solar cells by adding a certain thickness of protective cover to the solar cell to shield the damage of certain particles [23], using back-surface (BSF) [24] or distributed Bragg reflector (DBR) [25], and thinning the base layer thickness of the current-limiting subcell [26], or using the p-i-n structure and different doping methods for multi-junction solar cells [27]. The experimental observations show that annealing of the multi-junction solar cell can restore certain electrical properties after being radiated by high-energy particles [28].
In recent years, various new types of multi-junction solar cells with different combinations of materials have been developed by different research groups, and the expectations for future development are different. Solar cell conversion efficiencies are rapidly being updated, and scientists are still struggling to come up with solar cells which have high conversion efficiency and possess good radiation resistance. Although there are several reviews available which cover the manufacturing, efficiency, and application prospects of photovoltaic modules [29, 30], the new types of high efficiency space solar cells based on III-V compound materials have not been summarized yet. This review attempts to give a brief review on different types of space solar cells and emphasize the high energy particle irradiation effects of solar cells and recent results on the most promising types of solar cells, including dilute nitride, metamorphic, mechanical stack, and wafer bonding multi-junction solar cells.
DIFFERENT TYPES OF HIGH-EFFICIENCY SOLAR CELLS
With the improvement of the manufacturing process and deposition technology of materials, the solar cells industry has developed tremendously. Solar cell materials are developed from a single material (single crystal Si, single-junction GaAs, CdTe, CuInGaSe, and amorphous Si:H) to compound materials, such as III-V multi-junction solar cells, perovskite cells, dye-sensitized cells, organic cells, inorganic cells, and quantum dot cells [31–33]. The structure of solar cells also forms homogeneous junction cell to heterogeneous junction solar cell, Schottky junction solar cell, compound junction solar cell, and liquid junction solar cell. In the purpose of its usage, it has also been developed from flat cells to concentrator cells and flexible cells [34, 35].
The silicon solar cells were used as the first choice in the spacecraft since the first solar-powered satellite was launched in 1958. The Soviet Space station, MIR, was launched in 1986, was equipped with 10 kW GaAs solar cells, and the power per unit area reached 180 W/m2 [36]. Then, the fabrication technique of GaAs-based cells experienced changes from Liquid Phase Epitaxy (LPE) to metal organic vapor phase epitaxy (MOVPE), from homogeneous epitaxy to heterogeneous epitaxy, from single junction to multi-junction structure [37–39]. Notably, their efficiency was continuously improved from the initial 16–25%, and over 100 kW industrial-scale power output per year has been reached [40]. Higher efficiency reduces the size and weight of the array, increases the payload of the spacecraft and results in lower costs for the entire satellite power system. Therefore, GaAs-based solar cells are widely used in space systems and continue to be used today [41–43]. Comparing with silicon solar cells, GaAs solar cells have the following advantages [42]:
(1) Higher photoelectric conversion efficiency.
(2) Direct-gap semiconductor materials.
(3) The band-gap tailoring by controlling the composition and doping of material.
(4) Superior radiation resistance.
However, the processes involved in GaAs solar cell fabrication are complicated, and its cost is much higher than that of silicon solar cells owing to the expensive equipment and material preparation. Therefore, GaAs solar cells cannot be widely utilized in the civil market. Nevertheless, GaAs solar cells have gradually replaced silicon solar cells in the aerospace field, where higher cell efficiency and better radiation resistance are needed.
The loss in the efficiency of solar cells can be divided into two parts: the unabsorbed loss and excessive energy loss. When the photon interacts with the semiconductor materials, where the photon energy is smaller than the bandgap width, the valence band electrons are not excited, and they do not generate an electron-hole pair to form an electrical current. However, when the photon energy is greater than the gap width, the excess energy is lost in the form of phonons or heat [44]. Fortunately, multi-junction solar cells successfully solved this problem. Semiconductor materials with different band-gaps are composed from top to bottom from large to small band-gaps, and the higher energy photons are absorbed by the top large band-gap material. The lower energy photons go through the upper large band-gap material and reach the appropriate band-gap width to generate power. Therefore, for multi-junction solar cells, finding a current matching and lattice matching cell material is the critical and general focus [14, 45]. The following sections present a brief introduction of different types of multijunction solar cells in terms of their performance.
Lattice Matched GaInNAs Multi-Junction Solar Cell
In 1996, Kondow et al. demonstrated the epitaxial growth of 1.0 eV band gap GaInNAs material with lattice matching to GaAs substrate, and applied it to fabricating infrared laser [46]. Since then diluted nitride GaInNAs materials have been widely used in heterojunction bipolar transistors (HBTs) [47] and lasers [48], where GaInNAs HBTs base layer can reduce the open voltage and run under low working voltage. These features of diluted nitride GaInNAs materials are also useful in wireless communications and power amplifier applications. GaInAsN is a direct band-gap semiconductor material, which can change its band-gap by adjusting the component content of nitrogen and indium while keeping its lattice constant matching to conventional substrate materials such as GaAs and Ge. These advantages bring great potential for using 1.0 eV subcell in a high efficiency multijunction solar cell [49].
The Ga1-xInxNyAs1-y is used as a sub-cell material for GaInP/GaAs/GaInNAs/Ge four-junction solar cell by NREL [50]. When y = 0.3x, the lattice constant of Ga1-xInxNyAs1-y matches GaAs and Ge, which is an ideal material to construct a GaInP/GaAs/GaInNAs/Ge (1.88/1.42/1.05/0.67 eV) four-junction solar cell with band-gap matching. Figure 1A shows the representative GaInNAs devices structure grown by MOVPE. The device is grown with dimethylhydrazine (DMHy) as the nitrogen source. At the same time, the experimental results showed that the remaining factor of GalnAsN cell efficiency is 0.93 and 0.89 after 5 × 1014 and 1 × 1015 e/cm2 electron fluence of 1 MeV electrons irradiation, respectively [51]. The specific degradation of the device parameters is summarized in Table 1. The results showed that this type of cell structure possesses superior radiation resistance comparing to the traditional lattice matched multi-junction solar cell.
[image: Figure 1]FIGURE 1 | (A) The structure of GaInNAs device grown by MOVPE with dimethylhydrazine as the nitrogen source [50]; (B) The structure of InGaP/AlGaAs//Si triple-junction solar cell [67].
TABLE 1 | The parameters of GalnAsN solar cell after 1 MeV electron irradiation [51].
[image: Table 1]However, difficulties in epitaxial growth of diluted nitride materials have prevented its further development. It is also found that the diffusion length of minority carriers is short, the internal quantum efficiency is low for the GaInNAs subcell, and these poor minority carrier transmission characteristics resulted in lower current and voltage. Since the current of a multi-junction solar cell is determined by the smallest sub-cell, the low current in GaInNAs subcell has a significant impact on the overall cell performance [51]. The quality of GaInNAs solar cells was improved by fabrication of p-i-n structure cells [52], annealing [53], doping Sb in GaInNAs material [54], and changing substrate epitaxial orientation [55]. Miyashita et al. demonstrated a solar cell with p-i-n (p-GaAs/i-GaInAsN (Sb)/n-GaAs) structure, and tested the cell under the AM1.5 spectrum. The short-circuit current density (Jsc) reached 21.5 mA/cm2, the open-circuit voltage (Voc) reached 0.42 V, and the filling factor (FF) reached 0.71 [56]. They further optimized the content of Sb and found that the content of Sb was less than 1%, which is more beneficial to improve GaInAsN crystal quality and device performance [57]. Han et al. found that GaAsN material grown by (311) B substrate epitaxy could not only improve the incorporation efficiency of nitrogen, but also effectively enhance the carrier lifetime of the material [58]. Although the theoretical conversion efficiency of GaInNAs multijunction solar cell could reach 41%, the actual growth problem still needs to be overcome, which needs to be focused on as a development goal in the future.
Mechanically Stacked Solar Cell
According to the theoretical calculation, the optimum bandgap energy for top and bottom subcell for a tandem multijunction solar cell is 1.65–1.8 eV and 1.0–1.5 eV, respectively, and the conversion efficiency of this structure reaches 32.5% under 1-sun AM0 spectrum [59]. Typically, the III-V compound material based multijunction solar cells are fabricated by MOVPE or molecular beam epitaxy (MBE) techniques, where the lattice matching and energy matching between subcells is a critical problem. The presence of mechanical stacks makes this feasible and allows to use of lattice- and current-mismatched combinations of semiconductor materials. By using the mechanical stacking method, III-V compound materials can be stacked together regardless of their bandgap energy and lattice constants. This technique can reduce the production cost significantly, and the substrate removal process greatly reduces the weight of solar cells, which is useful if used in space solar cell applications [60–62].
Still, the utilization of multiple substrates requires the removal of substrates, thereby, it makes the solar cell fabrication process complicated and affects the interface quality [63]. At the same time, a complicated design requirement becomes an obstacle for large-scale applications of mechanical stacked solar cells in space [64]. Since each subcell in a multi-junction solar cell consists of a p-n junction, if individual subcells directly stacked together in series, it will form a reverse p-n junction between subcells which block the current flow. Therefore, interconnecting individually processed solar cells keeping both electrical and optical properties still is a technical challenge need to consider with high conductivity and low transmission loss [65]. This problem can be solved by adding a tunnel junction between the subcells [66]. The 30% conversion efficiency of III‐V//Si multi-junction solar cells using smart stack technology have been reported [67]. A schematic diagram of InGaP/AlGaAs//Si triple-junction solar cell is shown in Figure 1B. A “smart stack,” “areal current matching,” and “solar concentration” two-terminal GaAs/Si tandem solar cell, having potential to achieve an efficiency of approximately 30%, are proposed and the indoor experiment proves its feasibility, although the experiment result is lower than the simulation [64]. These types of mechanical stacking processes are quite flexible and allow different cells to be combined, and consequently reduces the fabrication cost and increases the cell efficiency.
Wafer Bonded Multijunction Solar Cell
In multi-junction solar cells, the lattice dislocations induced by the lattice mismatch during the epitaxial growth reduce the material quality and deteriorates the device performance. The wafer bonding technique, which refers to the physical integration of the two different materials, overcomes this issue very well and allows the formation of a monolithic multijunction solar cell structure without both electrical and optical losses, regardless of the different lattice constant of subcells [68]. As early as 1986, Lasky et al. demonstrated surface treated silicon wafer bonding at room temperature and obtained very good bonding strength through high-temperature annealing [69]. The freedom of material selection in the process of semiconductor device design is greatly improved because the bonding technology can realize the lamination structure of materials with different thermal expansion coefficient and lattice constant, and can limit the dislocation and defect to the area near the bonding interface. Figure 2A shows the structure of GaInP/GaAs//InGaAsP/InGaAs wafer-bonded four junction solar consists of GaInP/GaAs and InGaAsP/InGaAs dual junction cells, whereas Figure 2B shows the degradation of InGaAsP and InGaAs subcell electrical properties under 1 MeV electron irradiation. The result shows that the bonding interface has no effects on overall cell performance and radiation resistance, the main degradation happened in the third and fourth subcell, and InGaAsP subcell has a superior radiation resistance than InGaAs cell owing to In-P bonds [70].
[image: Figure 2]FIGURE 2 | (A) Schematic structure of wafer‐bonded GaInP/GaAs//InGaAsP/InGaAs four junction solar cell; (B) the remaining factors of InGaAs and InGaAsP single-junction solar cells as a function of 1 MeV electron irradiation fluence (B) [71].
At present, the wafer bonding technology has been studied extensively and widely used in the structural design and integration field of microelectronics and optoelectronics. A variety of bonding methods have been developed, however, they can be mainly divided into two categories: direct bonding and intermediate-layer bonding [71]. The direct wafer bonding process includes cleaning and activating two polished wafers and sticking them together at room temperature. Heterogeneous integration of multi-junction solar cells has to meet three stringent conditions: good mechanical strength at the bonding interface, high optical transmittance, and low resistivity. It does not work without each condition being met. Intermediate-layer bonding technology introduces a layer with good ductility and adhesion to alleviate stress and improve the bonding interface [72]. GaInP/GaAs//GaInAsP/GaInAs four-junction wafer-bonded concentrator solar cells with an efficiency of 46% at 508 suns have been reported [73]. It demonstrates that the wafer bonding is a feasible method to combine lattice mismatched different III-V compound materials and realize high efficiency multijunction solar cell structure. The main challenge of wafer bonding technology is the preparation of the bonding surface which should have a low surface roughness to ensure high electrical conductivity.
Inverted Metamorphic and Upright Metamorphic Solar Cells
Another approach of solving current matching issue in multijunction solar cell is the metamorphic growth method, which involves applying a compositionally graded buffer (CGB) layer between the lattice mismatched subcells [74]. The main purpose of using a CGB layer is to distribute the strain relaxation layers into a lattice constants gradually changed thick buffer layer instead of growing a highly lattice mismatched layer onto its under layer [75]. According to the growth method, the metamorphic growth technique can be divided into two types: IMM [76] and upright metamorphic (UMM) [77]. In the IMM method, for example GaInP/GaAs/InGaAs triple junction solar cell, a CGB layer is inserted between the GaAs and InGaAs subcells and the growth direction of solar cell epilayers is in the inverse direction, in order to delay the strain relaxation in CBG layer at the later stages of growth process. However, the IMM method requires an additional step of substrate lift-off before solar cell device fabrication processes. On the other hand, in the UMM method, the growth direction is from bottom subcell to top subcell, so it requires an even higher quality CBG layer to control the strain relaxation. Figures 3A,B show the general structure of IMM and UMM cells, respectively.
[image: Figure 3]FIGURE 3 | Schematic structure of (A) GaInP/GaAs/InGaAs IMM solar cell, and (B) GaInP/InGaAs/Ge UMM solar cell [78].
Comparing to traditional lattice matched (LM) solar cells, metamorphic multijunction solar cells are aiming to achieve current matching between its subcells and expected to have higher conversion efficiency. Experimentally, NREL has shown that IMM solar cells have a conversion efficiency of 40.8% for triple-junction solar cells at high concentration [15] and 47.1% efficiency for 6 J solar cells at 143 suns concentration [8]. Furthermore, IMM cell can reduce the cell weight by removing the substrate and increase the mass power ratio. IMM cells also can be utilized to develop flexible solar cells for any non-flat surfaces. These high efficiency, flexible, and lightweight properties of IMM multi-junction solar cells make them the most promising for space applications [ [14, 78, 79]]. For UMM multijunction solar cell, the conversion efficiency exceeded 31% under one Sun AM0 spectrum compared to traditional lattice matched solar cell conversion efficiency is limited to 30% [80]. The critical point of increasing UMM solar cells is improving the quality of CGB layer to suppress lattice dislocation and threading dislocations induced by strain relaxation. However, the fabrication process of UMM solar cells is similar to the matured fabrication technology of LM cells, therefore, this advantage makes the UMM multi-junction solar cell utilization possible for potential applications [77].
The reported experimental efficiency, theoretical limits, and their advantages of all above mentioned solar cells in Lattice Matched GaInNAs Multi-Junction Solar Cells, Mechanically Stacked Solar Cells, and Wafer Bonded Multijunction Solar Cells are presented in Table 2. According to the Shockley-Queisser balance model, the theoretical efficiency limit of single-junction, triple-junction, and four-junction solar cells are 33.5%, 56% and 62%, respectively [85]. Along with the rapid development of new materials and high quality fabrication technologies, all these solar cells could achieve higher efficiency and better performance. Furthermore, UMM and IMM solar cell efficiencies tend to surpass LM cells even more as their manufacturing technology continues to be innovated and developed, and they are expected to become the next generation space solar cells.
TABLE 2 | Comparison of the conversion efficiency of various types of solar cells have been reported.
[image: Table 2]STUDIES ON RADIATION EFFECTS OF SOLAR CELLS
The solar cell arrays in a spacecraft are exposed to a harsh space environment during its mission. Therefore, radiation resistance is also a critical index to evaluate the quality of space solar cells. The main reason for the performance deterioration of space solar cells is the irradiation of high-energy particles, that include electrons (energy up to 10 MeV) and protons (energy up to several hundred MeV) from the earth's radiation belt, as well as solar cosmic rays (energy up to GeV) [86]. When these high-energy particles collided with the cell materials, the transmitted energies cause the lattice atoms to shift their original positions and form displacement damages, and, consequently, the diffusion length of minority carriers decreases and the performance of solar cells is degraded [87]. Therefore, only solar cells with high conversion efficiency and good radiation resistance could be employed as space solar cells.
Radiation Effects of Double-Junction GaAs/Ge Solar Cell
Messenger et al. investigated the electron and proton irradiation effects of double-junction GaAs/Ge solar cell with different energies [88]. The cell performance is degraded with an increase of the particle fluence under both electron and proton irradiation, as shown in Figure 4. Additionally, electron irradiation with greater incident energy resulted in more severe deterioration of cell performance for the same irradiation fluence. For proton irradiation, on the other hand, low energy protons produced a bigger reduction in cell performance when the proton energy is in the range of 0.2–9.5 MeV. Proton irradiation experiments on GaInP/GaAs/Ge, GaAs/Ge solar cells with proton energy of less than 200 KeV are reported and it was found that the low energy particle irradiation caused defects in different subcells and different regions in the tandem multi-junction solar cell [23, 89].
[image: Figure 4]FIGURE 4 | Normalized Pmax degradation of GaAs/Ge solar cells irradiated by electrons and protons of different energy and with different particle fluence [88].
The radiation-induced defects in the base and the emitter layers form non-radiative recombination centers and capture photo-generated electron-hole pairs before they are collected by the junction region, and eventually reduce the short circuit current. On the other hand, the radiation-induced damages in the junction region mainly cause the degradation of open circuit voltage by introducing deep energy levels into the band gap and accelerating the recombination of valence band holes and conduction band electrons [89].
The effects of 40, 100, 170 keV energy proton irradiation on GaAs/Ge cells with different fluences were discussed, the degradation of spectral response results indicated that the largest damages are caused by 170 keV protons, and the lowest by 40 keV protons, in the long wavelength range (720–900 nm). The degradation effect on the normalized maximum power (Pmax) is the largest for the 170 keV protons and lowest for 100 keV protons because irradiation with 170 keV protons produces the most severe damage in the junction region of the cells. The short circuit current decreases with increasing proton energy under the energies of 40–170 keV proton irradiation and the degradation extent of Voc is the largest for 170 keV proton because they produce defects with deep energy levels in the space charge region, accelerating the recombination of electrons and holes, which is also the reason for the significant decline in Pmax for solar cell [23].
Radiation Effects of Lattice Matched GaInP/GaAs/Ge Triple-Junction Solar Cell
Sharps et al. investigated the electron and proton radiation effects of GaInP/GaAs/Ge solar cells with different energies [91]. Same as that of GaAs/Ge double-junction solar cell, the Pmax of solar cells declined with the increase of the particle fluence for the same energy. For 1–12 MeV electron irradiation, the degradation of cell performance is severer for higher energy electrons for same irradiation fluence, as shown in Figure 5A. The degradation of Pmax is 9 and 13% for 1 MeV electrons at fluences of 5 × 1014 and 1 × 1015 e/cm2. However, for proton irradiation, the degradation of cell performance is bigger for lower energy protons in the energy range of 50–200 keV, as shown in Figure 5B. The main reason for this is that less relative damage occurs for energies below 200 keV, and lower energies would have more of an effect on the emitter as compared with the base region. At the same time, GaInP top cell and GaAs middle cell current matching point was studied in more detail by quantum efficiency measurements. It was found that the crossover from GaInP current-limited subcell to GaAs current-limited subcell occurs at 2 × 1015 e/cm2 for the 1 MeV electrons [90]. This result indicated that advanced triple junction solar cells with current matching at end of life (EOL) can be achieved by reducing the amount of beginning of life (BOL) current mismatch, which is helpful for designing high efficiency radiation hardened space solar cells.
[image: Figure 5]FIGURE 5 | The normalized Pmax degradation of lattice-matched GaInP/GaAs/Ge solar cells under different (A) electrons and (B) protons irradiation with different particle fluence [91].
Wang et al. investigated the electron irradiation effects of GaInP/GaAs/Ge solar cell with 1.0–11.5 MeV energy electron beams [91]. The degradation of normalized Pmax of GaInP/GaAs/Ge solar cell under different fluence of electron irradiation is shown in Figure 6A, whereas the degradation of external quantum efficiency (EQE) changes irradiated with 1.8 MeV electron beam with different fluences are shown in Figure 6B. The degradation effects of electron irradiation of the Pmax and the EQE of LM solar cells increase with the increase of irradiation fluences and electron energy, as observed in GaAs/Ge double-junction cell. Figure 6C exhibits that the EQE of GaAs middle cell degrades more than GaInP top cell under same irradiation fluence which is indicating the radiation resistance of GaInP/GaAs/Ge triple-junction cells is dominated by the GaAs middle cell.
[image: Figure 6]FIGURE 6 | (A) The normalized Pmax degradation of GaInP/GaAs/Ge solar cell under different energy electron irradiation with different particle fluence; (B) The degradation of EQE with 1.8 MeV electron irradiation and (C) with different energy electrons with a particle of 1×1014cm−2 [92].
Radiation Effects of Metamorphic GaInP/GaAs/InGaAs Triple-Junction Solar Cell
By taking advantages of bandgap tailoring in III-V compound materials and using a CGB layer, IMM multijunction solar cells can be adjusted to its output parameters suitable for BOL or EOL requirements. Takamoto et al. studied the radiation effects of these two types of IMM GaInP/GaAs/InGaAs space solar cells under 1 MeV electron irradiation, where the electrical parameters of both types solar cells declined with the increase of electron irradiation fluence [92]. In this study, the electrical parameters Voc, Isc (short-circuit current) and η decayed o 89.3%, 96.3%, 84.1% and 88.6%, 98.6%, and 79.5% of its original values for one group of cells have higher efficiency at BOL and another group of cells have higher efficiency at EOL, respectively, when the electron irradiation fluence reaches 1 × 1015 cm−2. These details of degradation of electrical parameters of these two types of cells are summarized in Table 3.
TABLE 3 | Changes of electrical parameters of IMM GaInP/GaAs/InGaAs triple-junction solar cell under 1 MeV electron irradiation [92].
[image: Table 3]Imaizumi et al. studied the radiation response of In0.5Ga0.5P, GaAs, In0.2Ga0.8As, and In0.3Ga0.7As single-junction solar cells, whose materials are also used as component subcells of inverted metamorphic triple-junction solar cells, and results show that the photo-generation current in the InGaAs bottom subcell of InGaP/GaAs/InGaAs IMM3J cells was severely damaged under the electron and proton radiation, which can be attributed to the stronger decrease of minority-carrier diffusion length in InGaAs compared with that in InGaP and GaAs subcells after irradiation [93]. By comparing the irradiation resistance of two InGaAs cells (In0.2Ga0.8As and In0.3Ga0.7As cells), GaAs and InGaP cells, it was found that radiation resistance of these two InGaAs cells is approximately equivalent to InGaP and GaAs cells from the initial material qualities. However, the InGaAs cells show lower radiation resistance especially for the Isc comparing to InGaP and GaAs cells due to the bigger decrease of minority-carrier diffusion length in InGaAs materials. And the InGaP and two InGaAs cells exhibited equivalent radiation resistance of Voc, but with different degradation mechanisms.
Zhang et al. investigated the 1 MeV electron radiation effects of IMM GaInP/GaAs/InGaAs solar cells by electrical properties, spectral response, and photoluminescence (PL) signal amplitude analysis [94]. The results show that the electrical parameters of IMM solar cell decrease continuously with an increase in the electron fluence same as traditional LM GaInP/GaAs/Ge solar cells. As shown in Figure 7, Pmax illustrates the maximum degradation compared to Voc and Isc, and, Voc is degraded more compared to Isc. This phenomenon is explained as Voc is the sum of three series sub-cell voltages, where the Isc is the smallest current produced in three series sub-cells. The In0.3Ga0.7As bottom subcell exhibited most severe damage in the irradiated IMM triple junction cells due to the drastic degradation of the effective minority carrier lifetime (τeff) of In0.3Ga0.7As subcell than that of GaAs subcell. Therefore, the radiation hardness of IMM GaInP/GaAs/InGaAs solar cell is mainly determined by the InGaAs subcell.
[image: Figure 7]FIGURE 7 | The degradation of electrical parameters of GaInP/GaAs/InGaAs solar cell under 1 MeV electron irradiation with different particle fluence [95].
RADIATION DAMAGE EVALUATION OF SPACE SOLAR CELLS
To obtain better radiation hardened performance, it is essential to explore the radiation damage mechanism of the solar cells. The interaction of high energy charged particles in irradiation environment with the solar cell materials includes ionization and non-ionization (displacement damage) processes [95]. The displacement damage effect is the main reason for the degradation of solar cell performance. It is an effective method to explain the formation, distribution, and evolution of displacement defects after irradiation by different high-energy particles. To examine the electrical characteristics of solar cells, I-V test, spectral response test, dark characteristic test and photofluorescence intensity test are used. Whereas, to study the displacement defects of multi-junction solar cells, deep level transient spectrum, photofluorescence spectrum, electrofluorescence spectrum and spectral response are employed.
At present, for space solar cells, two assessment methods for evaluating radiation damages of solar cells are available, which are through ground irradiation simulation experiments: equivalent fluence method and equivalent displacement damage method [88]. Both methods are used to study the radiation damage effect and to reveal the degradation mechanism of solar cells. They also provide theoretical guidance and an experimental basis for scientifically predicting the on-orbit behavior of solar cells.
The Equivalent Fluence Method
The equivalent fluence method was proposed by Tada et al. from Jet Propulsion Laboratory, California Institute of Technology [96, 97]. The key point of this approach is the corresponding relative damage coefficient, which is related to the radiation damage effects caused by different types of charged particles with a different energy to relative damage coefficients.
In the first step, the critical fluence ([image: image]) of electron or proton irradiation, which is corresponding to the electrical properties of the solar cell degraded to a specified level of its original value (such as 75% of Isc0, Voc0, Pmax0), has to be determined according to the experimental results [98]. Then, the relative damage coefficient (RDC) of different energy electron and proton regarding 1 MeV electron and 10 MeV proton is calculated. The ratio of the critical fluence for 1 MeV electrons to the critical fluence for other electron energies is taken as a measure of the RDC of electrons, and similarly, the relative damage coefficients of different proton energies are normalized regarding the 10 MeV proton critical fluence for RDC of protons, as shown in the following equations [88]:
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where [image: image] and [image: image] are the critical fluence for electrons and protons.
The next step is using the orbital environment parameters to calculate the corresponding relative damage coefficients for omnidirectional particles on bare cells from the measured values for normally incident particles. By substituting the electron and proton environment parameters under consideration into following integration equations, one can obtain the equivalent 1 MeV electron fluence for the mission in question.
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where [image: image] and [image: image] is the particle fluence of electron and proton, respectively at energy E. [image: image] and [image: image] are the relative damage coefficient of electron and proton, respectively. [image: image] is the proton to electron damage equivalency ratio, which converts 10 MeV proton fluence to an equivalent 1 MeV electron fluence. The calculation result of Eqs. 3, 4 are the 1 MeV electron fluence normally incident on solar cells that will cause same damage as the selected omnidirectional spectrum. The result of calculated relative damage coefficient for omnidirectional proton irradiation and electron irradiation of GaAs/Ge solar cells are shown in Figures 8A,B.
[image: Figure 8]FIGURE 8 | Relative damage coefficient for omnidirectional (A) proton and (B) electron irradiation of shielded GaAs/Ge solar cells [89].
In the equivalent fluence method, it requires a sufficient measurement of data to calculate the RDC and generate a detailed degradation curve, as shown Figure 4, which shows eight proton energies (0.05, 0.1, 0.2, 0.3, 0.5, 1.3, and 9.5 MeV) and four electron energies (0.6, 2.4, and 12 MeV). Another relatively simple way of predicting the degradation of a solar cell performance regarding a given electron or proton fluence is using a semi-empirical equation [99]:
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where P0 and [image: image] are the output power (also can be replaced with Isc and Voc) of the solar cell before and after irradiation with different irradiation fluences [image: image], respectively. C and [image: image] are the fitting parameters for the same structure solar cell using a large amount of experimental data upon specific irradiation particles.
The Displacement Damage Dose Method
The displacement damage dose method was initiated by Naval Research Laboratory (NRL) [100]. The key point of this method is finding the non-ionizing energy loss (NIEL) values for different materials. By using the NIEL method, the radiation fluence of particles is converted into displacement damage dose (DDD), and the degradation curve of the electrical parameters of solar cells with the change of DDD can be obtained.
The NIEL values of different materials upon different particles with different energies can be calculated by using MULASSIS software [101] or the following equation [102]:
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where n is the atomic density of the target material, [image: image] is the threshold energy to displace atom, [image: image] is the maximum energy that can be given to a recoil nuclei by an incident particle of a given energy E, G(Q) is the energy partition function and (dσ/dQ)E the differential interaction cross section. Figure 9A shows the calculated results of electron and proton NIEL for GaAs with the energy range from zero up to 200 MeV. The DDD induced by irradiation particles can be calculated by the following equation using particle fluence:
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where Dd(E) is the DDD, [image: image] is the particle fluence, and NIEL is the non-ionizing energy loss value of the target material. When calculating Dd of proton irradiation, n value is 1, and the n value of electron irradiation is in the range of 1 to 2. Using NIEL of the same particle with different energies, the relative damage coefficient for different energies of a charged particle, i.e. proton, the irradiation can be obtained from using the following equation [99]: 
[image: image]
where Dx→10 is the X MeV proton to 10 MeV proton relative damage coefficient, and NIEL is the corresponding non-ionization damage energy for different energies. Electron to proton irradiation damage equivalency factor Rep can be calculated by following equation [99]:
[image: image]
where Rep is electron to proton irradiation equivalent damage coefficient, Dj is the actual DDD values by using electron irradiation and Di is the corresponding fitting values of DDD. By considering Rep degradation curves of electrical parameters of solar cells against the irradiation fluence can be described into a single curve against the Dd. For example, Figure 9B shows the re-plot of Figure 4 using NIEL method. The DDD of solar cells in complex electron and proton environment can be calculated by Eq. 10, and applied to evaluate the degradation curve of the electrical performance of space solar cells with the DDD.
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[image: Figure 9]FIGURE 9 | (A) NIEL of electron and proton irradiation in GaAs; (B) using the electron to proton damage equivalency factor Rep to fit all of the data from Figure 4 come a single curve [88].
Besides, predicting the degradation of a solar cell performance regarding a given electron or proton fluence can also be conducted by using the following semi-empirical equation:
[image: image]
where Pmax and P0 are the output power (also can be Isc or Voc) of solar cell before and after irradiation, [image: image] is the given DDD regarding to the given irradiation fluence, respectively. C and Dx are the fitting parameters obtained by on-ground experimental data. Eq. 4 is more versatile than Eq. 5 for different kinds of particles by using [image: image] as variable for given irradiation condition.
Comparing to the equivalent fluence method, the NIEL approach requires fewer experimental measurements to successfully predict the radiation damage of different particles at different energies and is easier to implement. Only taking few energies of proton and electron irradiation test data, one can obtain the degradation trends of the electrical properties a solar cell under different particles with different energies and different fluences. Messenger et al. compared the equivalent fluence method and the displacement damage dose method in details and concluded that the key of the displacement damage dose method was NIEL, while the equivalent fluence method needed a lot of experimental data [88]. The displacement damage dose method was successfully applied for predicting on-board solar cell measurements for GaAs/Ge and CIS solar cells at 500 × 67,300 km near equatorial orbit, shown in Figure 10.
[image: Figure 10]FIGURE 10 | The displacement damage does method measurements for GaAs/Ge and CIS solar cells [88].
The Development Trends of Space Solar Cells
There is no doubt that space solar cells should move toward higher efficiency, low cost and better radiation resistance. In this direction, many types of new technologies are trying to solve these problems. Currently, LM triple-junction solar cells are the main stream in space applications. In theory, the solar cell has more junction number has higher efficiency, but it is difficult to increase the number of cell junctions in real cell fabrication. The theoretical limit of N-junction (N for the infinite) solar cells conversion efficiency can reach 68.2% [3]. But the cell fabrication becomes more difficult when the number of junctions is increased, especially for more than 5–6 junctions. The efficiency of multi-junction solar cells from single-junction to six-junction is presented in Table 4. Besides, apart from the high cost of III-V materials, the price of GaAs is ten times than that of Si, the growth of III-V materials requires expensive equipment, and hence, the production cost of multijunction solar cells is very high and mostly used in space applications now. Therefore, in the future, the development trends of III-V multijunction solar cells are low-cost, high efficiency, high radiation resistance and simple fabrication method.
TABLE 4 | Comparison of the efficiency of various types of solar cells under concentrated sunlight.
[image: Table 4]CONCLUSION
III-V multijunction solar cells are the primary power supply for space application due to its super high photoelectric conversion efficiency and better radiation resistance. Despite the high fabrication cost, it is widely used in different space applications. New types of space solar cells with new materials and new structures are continuously coming out and the performance characteristics of various space solar cells have been extensively studied. Owing to the development of the balance between the bandgap matching and lattice matching, the structure of solar cells is continuously optimized, more suitable new materials are discovered, and more mature manufacturing processes are utilized. The highest conversion efficiency of solar cells is constantly being refreshed. Comparing to conventional silicon solar cells, the conversion efficiency of III-V multijunction solar cells is significantly improved. Till now, the highest efficiency of crystalline silicon heterojunction solar cell reached 25.6%, and the world record of 47.1% conversion efficiency is achieved by six-junction inverted metamorphic solar cells under 143 suns. Furthermore, lattice-matched GaInP/GaAs/Ge triple junction solar cell fabrication technology is becoming more and more mature with large scale of mass production while keeping the conversion efficiency over 30%.
The space radiation environment is the main threat for in-orbit solar cell performance and lifetime. The high energy particles, such as electrons and protons, induce displacement damages in different regions of solar cell structure and lead to electrical and spectral performance degradation of solar cells. The main reason for the deterioration of space solar cells is that the radiation induced displacement damages forms non-radiative recombination centers and reduces the minority carrier lifetime, and, consequently, results in a reduction of solar cell electrical and spectral parameters. The equivalent fluence method and the displacement damage dose method are two main approaches for evaluating solar cell radiation effects and degradation of cell parameters. Especially, the displacement damage dose method is a more convenient and effective tool. Although the radiation effects of solar cells are widely studied, the radiation damage mechanism of multijunction solar cells with different materials and different structures are not fully explored yet. More experimental and theoretical studies are still needed for further investigating feasible radiation hardening methods.
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A fast response speed of a pixel is important for electrowetting displays (EWDs). However, traditional driving waveforms of EWDs have the disadvantage of long response time. So, a driving waveform, which based on overdriving voltages and charge trapping theory, was proposed in this paper to shorten the response time of EWDs. The driving waveform was composed of an overdriving stage and a driving stage. Firstly, a simplified physical model was introduced to analyze the influence of driving voltages on the response time. Then, an overdriving voltage was applied in the overdriving stage to increase the respond speed of oil, and a target voltage was applied in the driving stage to obtain a target luminance. In addition, the effect of different overdriving voltages and overdriving time values on the response time was analyzed by charge trapping theory to achieve an optimal performance. Finally, the driving waveform was imported into an EWD for performance testing. Experimental results showed that the response time of the EWD can be shortened by 29.27% compared with a PWM driving waveform.
Keywords: electrowetting displays (EWDs), overdriving voltage, response time, driving waveform, charge trapping
INTRODUCTION
Electrowetting displays (EWDs) are a new type of electronic paper with fast response speed and extremely low energy consumption [1, 2], and it can compensate for the limitations of electrophoretic displays (EPDs) effectively in the two major performances of color and video [3–8]. However, certain improvements are required for commercialization of EWDs, such as enhancement of response speed [9, 10]. In addition, driving waveforms are the voltage sequence applied to the EWD, which can control the movement of oil [11]. Therefore, it is of great significance to shorten the response time of EWDs by optimizing the driving waveform.
At present, the method for shortening the response time of EWDs, including reducing oil oscillation, suppressing charge trapping and suppressing oil backflow, has been proposed [12, 13]. In the study of reducing oil oscillation, an amplitude-frequency mixed modulation driving system was proposed, the oil was driven by a high voltage to achieve a target luminance, and then the driving voltage was decreased to stabilize the oil, this method can improve the response speed of gray scale displaying and reduce the oil oscillation [14]. In addition, the oil oscillation can be reduced by optimizing the rising stage of the driving waveform, a driving waveform with an exponential function rising stage was proposed to reduce the oil oscillation, and it can shorten the response time effectively [15]. But the period of the driving waveform was prolonged by using this method. In the study of suppressing charge trapping, an error diffusion algorithm based on pixel neighborhood gray information and direct current (DC) balanced driving waveform were proposed to suppress the charge trapping, and videos can be played in real-time by using this driving waveform [16]. A driving waveform with sawtooth wave was designed, a section of resetting wave was used to eliminate the influence of charge trapping [17]. The degree of charge trapping in electrowetting liquid lens driven by sinusoidal, bipolar and single pulse has been analyzed, and it was proved that the positive and negative polarities of driving voltages can cause a significant difference in the response speed [18]. However, the EWD was damaged easily by applying the negative polarities of driving voltages [19]. In the study of suppressing oil backflow, a series of sub-frames was used to drive multi-gray pixel data, the time of these sub-frames can be chosen to minimize the effect of the oil backflow in EWDs [20]. But these sub-frames would decrease the stability of oil. Besides, the research of the dynamic model of electrowetting and contact angle saturation has provided a theoretical basis for analyzing the influencing factors of response time in EWDs [21–24].
In this paper, a driving waveform which based on the principle of EWDs and charge trapping, was designed to shorten the response time in EWDs. An overdriving voltage was used to speed up the response speed of oil. Then, the optimal overdriving voltage and overdriving time were determined by the theory of charge trapping and a physical model of EWDs. So, the effect of charge trapping was reduced, and the shortest response time can be obtained.
PRINCIPLE
Principle of EWDs
The structure of EWDs is mainly composed of top plate, white substrate, indium tin oxide (ITO), hydrophobic insulating layer, pixel wall, colored oil and conductive liquid (NaCl solution). An EWD pixel is in an equilibrium state when no voltage is applied, and the colored oil forms a continuous spreading film between the hydrophobic insulating layer and the conductive liquid. So, the pixel can display the color of the colored oil [25, 26], and it is in an “off” state, as shown in Figure 1. Instead, the wettability of the colored oil on the hydrophobic insulating layer can be changed when a certain voltage is applied between a common electrode and a pixel electrode. Then, the colored oil can be shrunk, and the surface of the hydrophobic insulating layer can be displayed. At this time, most of light can be reflected directly through the conductive liquid, only a small part cannot be reflected because of the colored ink. So, the pixel point can display the background color of the white substrate, and it is in an “on” state. The ratio of white area to the pixel area is called aperture ratio, and its can be calculated by Eq. 1.
[image: image]
Where [image: image] is the aperture ratio, [image: image] is the area of the colored oil in the pixel, [image: image] is the area of the pixel.
[image: Figure 1]FIGURE 1 | The structure of an EWD pixel. It is in an equilibrium state, and the colored oil forms a continuous spreading film between the hydrophobic insulating layer and the conductive liquid.
Physical Model of EWDs
A simplified physical model of EWDs is proposed to analyze the influence of driving voltages on oil movement [27]. In the physical model, the pixel of EWDs can be treated as a parallel capacitor when an applied voltage is applied between the common electrode and the pixel electrode. Specifically, the pixel wall and the oil can be treated as connected in series, and then they are connected in parallel with the hydrophobic insulating layer to form a loop. However, the photoresist material of the pixel wall has a lower conductivity compared with the oil. The capacitance of the pixel wall can be neglected. Therefore, the oil and the hydrophobic insulating layer are connected in parallel in the physical model. Ohm’s law can be used to calculate parameters of the physical model. So, the capacitance of the pixel [image: image] can be calculated by Eq. 2.
[image: image]
Where [image: image] is the capacitance of the oil, [image: image] is the capacitance of the hydrophobic insulating layer, [image: image] is electrostatic constant, [image: image] is the dielectric constant of the oil, [image: image] is the thickness of the oil, [image: image] is the dielectric constant of the hydrophobic insulating layer, [image: image] is the thickness of the hydrophobic insulating layer. Furthermore, the contact angle of the oil can be controlled by changing the applied voltage according to the Lippmann–Young equation, which is shown in Eq. 3 and Ref. 28.
[image: image]
Where [image: image] is a oil–solid interface contact angle, [image: image] is a driving voltage applied to the pixel, and [image: image] is the oil–liquid interfacial tension. The contact angle is related to the aperture ratio, the greater the contact angle, the greater the aperture ratio. So, it can be seen that the aperture ratio is proportional to the driving voltage, as shown in Eq. 3. At the same time, the response speed is related to the driving voltage. The higher the driving voltage, the faster the response speed [9].
According to Eq. 2 and Eq. 3, the relationship between the thickness of the hydrophobic insulating layer and the driving voltage can be obtained by Eq. 4.
[image: image]
It can be seen that the driving voltage is proportional to the thickness of the hydrophobic insulating layer, so the thinner the hydrophobic insulating layer, the lower the driving voltage which can be applied. Excessive driving voltage cannot be applied to the EWD, otherwise the hydrophobic insulating layer would be broken down and the EWD would be damaged.
Charge Trapping of EWDs
Ions in conductive liquid would be pulled toward the hydrophobic insulating layer by electrostatic force when the driving voltage is applied to a pixel. There is a possibility that charge becomes trapped in or on the hydrophobic insulating layer when the interaction between ions and the hydrophobic insulating layer is stronger than the interaction between ions and the conductive liquid. The phenomenon of charge trapping is shown in Figure 2. The relationship between the contact angle of oil and driving voltage can be determined by Eq. 5 and Ref. 29.
[image: image]
Where [image: image] is the potential generated by the charge trapping. The electrostatic force on the oil is reduced because of the charge trapping, which causes a decrease in the aperture ratio of EWDs. In addition, the relationship between the amount of trapped charges and the driving voltage has been determined by measuring surface potential at a liquid–solid interface in electrowetting-on-dielectrics (EWOD) [30]. Trapped charges are increased when the driving voltage is increased. Therefore, the influence of driving voltages on charge trapping should be considered in the driving waveform.
[image: Figure 2]FIGURE 2 | The phenomenon of charge trapping. Charges become trapped in the hydrophobic insulating layer. At this time, the interaction between ions and the hydrophobic insulating layer is stronger than the interaction between ions and the conductive liquid.
EXPERIMENT AND DISCUSSION
Testing System
The response time and the luminance of EWDs need to be tested, then the performance of the driving waveform can be analyzed. So, an experimental platform was developed to test and record luminance data of EWDs. The experimental platform was composed of a driving system and a testing system, it is shown in Figure 3. The driving system was composed of a computer (H430, Lenovo, China), a function generator (AFG3022C, Tektronix, USA) and a voltage amplifier (ATA-2022H, Agitek, China), which was used to generate driving waveforms. The testing system was composed of the computer and a colorimeter (Arges-45, Admesy, The Netherlands), which was used to test and record the luminance data of EWDs.
[image: Figure 3]FIGURE 3 | An Experimental platform. It was composed of a driving system and a testing system. (A) a function generator and a voltage amplifier (B) an EWD (C) a computer (D) a colorimeter. The power data was the driving waveform from the voltage amplifier. The luminance data was tested by the colorimeter, then it was recorded by the computer.
In this experiment, an EWD was used as a tested object, and its parameters was shown in Table 1. In the testing process, a driving waveform was edited by Arbexpress (V3.4, Tektronix, USA) waveform editing software in the computer. Then, an edited driving waveform was imported into the function generator by a universal serial bus (USB) interface, and it was amplified by the voltage amplifier. Thirdly, the EWD was driven by the driving waveform from the voltage amplifier, and the luminance data of the EWD was tested by the colorimeter. Finally, collected luminance data was transmitted to the computer, and Admesy software was used to record the luminance data in real time.
TABLE 1 | Parameters of the EWD.
[image: Table 1]Design of Driving Waveforms
The response time of EWDs depend on the design of driving waveforms. Traditional driving waveforms generally used a pulse width modulation (PWM) waveform with a voltage amplitude of 30 V. However, the traditional driving waveform has the disadvantages of a long response time [11]. The proposed driving waveform was composed of an overdriving stage and a driving stage. In the overdriving stage, an overdriving voltage was applied to increase the response speed of the oil, and the duration of the overdriving time was called overdriving time. In the driving stage, a target voltage was applied to achieve a target luminance, and the target voltage was set to 30 V for comparing with the PWM driving waveform. The proposed driving waveform was shown in Figure 4. However, the response time and the luminance of EWDs were affected by the charge trapping. Therefore, the overdriving voltage and overdriving time need to be determined by the experiment to achieve an optimal performance.
[image: Figure 4]FIGURE 4 | The proposed driving waveform of EWDs in this paper. It was composed of an overdriving stage and a driving stage. An overdriving voltage was applied in the overdriving stage, and a target voltage was applied in the driving stage.
The Effect of Overdriving Voltages
The effect of overdriving voltages was analyzed by testing the response time and the luminance of the EWD. In the driving waveform, overdriving voltages were set to 32 V, 34 V, 36 V, 38 V, and 40 V. The overdriving time was set to 4 ms. The luminance rising curves of difference overdriving voltages were shown in Figure 5. It can be seen that the luminance of the EWD was 181 when no voltage was applied. Then, the time which was required by the luminance to rise from 181 to 345 was defined as the response time. At the beginning of luminance rising curves, the rising speed of luminance was becoming faster when the overdriving voltage was increased. However, there were two situations during the transition from the overdriving stage to the driving stage. Specifically, the rising speed of luminance remained unchanged when the overdriving voltages were 32 V and 34 V. On the contrary, the rising speed of luminance was decreased when the overdriving voltages were 36 V, 38 V, and 40 V. The reason for this phenomenon was that the charge of the electrode plate in the EWD can be increased rapidly when the overdriving voltage was set higher than 34 V. At this time, the voltage of the equivalent capacitance [image: image] in the EWD was greater than the target voltage. So, a discharge process of the equivalent capacitance was formed, and the luminance was decreased. In addition, more charges would be trapped in the hydrophobic insulating layer when the overdriving voltage was set higher than 32 V. Therefore, the luminance was rose slowly in the driving stage. It can be seen that the response time was prolonged when the overdriving voltage was increased. The shortest response time was 26.39 ms when the overdriving voltage was 32 V. The luminance of difference overdriving voltages was shown in Figure 6. It can be seen that the luminance was decreased when the overdriving voltage was increased. The highest luminance was 373.81 when the overdriving voltage was 32 V. At this time, the decrease of the electrostatic force caused by the charge trapping was less than the increase of the electrostatic force caused by overdriving voltages. Therefore, the overdriving voltage should be set to 32 V for achieving a better performance.
[image: Figure 5]FIGURE 5 | The luminance rising curves of difference overdriving voltages. At the beginning, the rising speed of luminance was becoming faster when the overdriving voltage was increased. Then, the rising speed of luminance was decreased when the overdriving voltage was set higher than 32 V. The shortest response time was 26.39 ms when the overdriving voltage was 32 V.
[image: Figure 6]FIGURE 6 | The luminance of difference overdriving voltages. It was decreased when the overdriving voltage was increased. The highest luminance was 373.81 when the overdriving voltage was 32 V. The lowest luminance was 356.91 when the overdriving voltage was 40 V.
The Effect of Overdriving Times
The effect of overdriving times was analyzed by testing the response time and luminance of the EWD. In the driving waveform, the overdriving voltage was set to 32 V, and the overdriving times were set to 2 ms, 4 ms, 6 ms, 8 ms, and 10 ms. The luminance rising curves of difference overdriving times were shown in Figure 7. At the beginning of luminance rising curves, the rising speed of luminance was becoming faster when the overdriving time was increased. However, the rising speed of luminance was decreased during the transition from the overdriving stage to the driving stage when the overdriving time was increased. The reason for this phenomenon was that more charges would be trapped in the hydrophobic insulating layer when the overdriving time was longer than 4 ms. Therefore, the luminance was rose slowly in the driving stage. The shortest response time was 26.39 ms when the overdriving time was 4 ms. The luminance of difference overdriving times was shown in Figure 8. The highest luminance was 373.81 when the overdriving voltage was 4 ms. At this time, the response speed and luminance were increased by overdriving voltages. Therefore, the overdriving time should be set to 4 ms for getting a better performance.
[image: Figure 7]FIGURE 7 | The luminance rising curves of difference overdriving times. At the beginning of the luminance rising curves, the rising speed of the luminance was becoming faster when the overdriving time was increased. However, the rising speed of luminance was decreased during the transition from the overdriving stage to the driving stage when the overdriving time was longer than 4 ms. The shortest response time was 26.39 ms when the overdriving time was 4 ms.
[image: Figure 8]FIGURE 8 | The luminance of difference overdriving times. The highest luminance was 373.81 when the overdriving time was 4 ms. The lowest luminance was 364.21 when the overdriving time was 10 ms.
Performance Testing
A PWM driving waveform was shown in Figure 9, and it was used to compare with the proposed driving waveform [11, 15]. The voltage amplitude, frequency and duty cycle of the PWM driving waveform were 30 V, 1 Hz and 70% respectively. The overdriving voltage and the overdriving time of the proposed driving waveform were 32 V and 4 ms respectively. The comparison of response time between the proposed driving waveform and the PWM driving waveform was shown in Figure 10. It can be seen that the response time of the proposed driving waveform was shorter than that of the PWM driving waveform. Specifically, the response time of the proposed driving waveform was 26.39 ms, and the response time of the PWM driving waveform was 37.31 ms. So, the response time was shortened by 29.27%. The comparison of luminance between the proposed driving waveform and the PWM driving waveform was shown in Figure 11. The luminance of the proposed driving was 373.81, and the luminance of the PWM driving waveform was 364.35. So, the luminance was increased by 2.60%. In the EWD, the response time and the luminance mainly depended on electrostatic force. The electrostatic force of the EWD was increased by the overdriving voltage in the proposed driving waveform. So, the response time can be shortened and the luminance can be increased compared with the PWM driving waveform.
[image: Figure 9]FIGURE 9 | A PWM driving waveform. Its voltage amplitude, frequency and duty cycle were 30 V, 1 Hz and 70% respectively.
[image: Figure 10]FIGURE 10 | The comparison of response times between the proposed driving waveform and the PWM driving waveform. The red line represented the proposed driving waveform, its response time was 26.39 ms. The black line represented the PWM driving waveform, its response time was 37.31 ms.
[image: Figure 11]FIGURE 11 | The comparison of luminance between the proposed driving waveform and a PWM driving waveform. The red line represented the proposed driving waveform, its luminance was 373.81. The black line represented the PWM driving waveform, its luminance was 364.35.
CONCLUSION
In this paper, a driving waveform, which based on overdriving voltages and charge trapping theory, was proposed to shorten the response time in EWDs. The relationship between driving voltage and response time was established by a physical model of EWDs. Then, the response speed of oil was increased by an overdriving stage. In addition, a better performance of EWDs was achieved by charge trapping theory, and an experimental platform was developed to verify the effectiveness of the driving waveform. The response time of EWDs was shortened by using the driving waveform, which provided a certain reference for the application and development of EWDs.
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As a new display technology, electrowetting display (EWD) has many excellent display characteristics, such as paper-like, low power consumption, quick response and full color. These characteristics make EWD devices very suitable for portable devices. However, the gray-scale distortion caused by the contact angle hysteresis of EWDs seriously affects the accuracy of gray-scale display. To improve this phenomenon, the hysteresis curve of an EWD panel was studied according to the motion characteristics of advancing contact angle and receding contact angle of oil in a pixel. Then, a driving scheme for EWDs using alternating current (AC) voltage instead of direct current (DC) voltage was proposed in this paper. And the advantages and disadvantages of the driving scheme at different AC frequencies from 90 to 2,700 Hz were analyzed through experiments. According to the stability of aperture ratio in EWDs, a 470 Hz AC driving scheme was determined. Experimental results showed that the aperture ratio distortion of EWDs could be reduced from 35.82 to 5.97%, which significantly improved the display performance of pixel units.

Keywords: electrowetting display, contact angle hysteresis, alternating current voltage, driving scheme, aperture ratio


INTRODUCTION

Electrowetting display (EWD) is a new type of electronic paper display technology with excellent display characteristics: (a) reflective display, paper-like reading experience [1]; (b) response speed of several milliseconds which can meet the needs of video playback [2]; (c) paper-like reflective display mode, with low power consumption [3]; (d) high reflectivity and true color display can be implemented [4]; (e) pixel structure can be attached to flexible backplanes [5]; (f) high degree of overlap with the existing liquid crystal display (LCD) manufacturing process, which means a low manufacturing cost [6]. These advantages make EWD technology to be known as the most promising next-generation paper-like display technology.

The EWD technology was first proposed by Beni and Hackwood [7]. In 2003, Hayes proposed a fast display EWD scheme, which could realize a simple video playback function [8]. However, when EWDs were driven, the phenomenon of contact angle hysteresis would occur, which had a bad effect on the gray-scale display performance of pixels in EWDs [9, 10]. The linear inconsistency of advancing contact angle and receding contact angle increased the complexity for controlling gray-scales [11]. In the process of pixel gray-scales display, it is difficult to control the gray-scale accurately, and gray-scale distortion may be caused. Therefore, it is necessary to analyze the influence of contact angle hysteresis and study how to optimize the contact angle hysteresis in EWDs.

Many scholars have studied the hysteresis phenomenon of EWDs. An AC voltage driving scheme was proposed by studying the balance among the surface tension of oil wetting, pinning force and electrostatic force on the contact line. It was proved that the hysteresis of the contact angle of a moving droplet could be reduced during a wetting process [12]. However, researchers did not further explore parameters of the AC voltage. Then, according to pixel characteristics, two driving methods of using hydrophilic patches or adding steps for pixels were proposed to enhance the motion control of oil and realize a hysteresis-free gray-scale conversion of pixels [13]. However, the transparent electrode of the pixel could be blocked by hydrophilic patches and the increased steps, which could reduce the reflectivity of a pixel. And then, a driving waveform with an optimized voltage slope was proposed, this method can improve the aperture ratio and reduce the hysteresis of pixels [14]. Although the PWM (pulse width modulation) could compensate for the hysteresis to a certain extent, it means an increase of response time, a decrease of effective frames, and an increase of power consumption [15]. At the same time, the PWM can only be used in fully opened and completely closed for driving a pixel, and the display ability of EWDs is limited by this feature.

In this paper, the influence of contact angle hysteresis on the gray-scale was analyzed when the driving voltage was turned on and off, and an AC voltage driving scheme was proposed, the influence of contact angle hysteresis on display performance could be significantly reduced by the proposed AC driving scheme compared with the traditional DC voltage driving scheme.



PRINCIPLES OF SYSTEM DESIGN


Display Principle of EWDs

Wettability is great significance for EWDs. Wettability describes the relationship between the contact angle and the surface tension of droplets. The surface tension can be expressed by equation (1), γLG is a liquid-gas surface tension, f is the frequency of the surface wave, λ is the wavelength of the surface wave, ρ is the density of droplets. The relationship between contact angle and surface tension can be expressed by equation (2) [16], θ0 is a static contact angle, γSG is a solid-gas surface tension and γSL is a solid-liquid surface tension.

[image: image]

[image: image]

Lippmann-Young equation was first proposed by Gabriel Lippmann in 1898, and it is regarded as the theoretical foundation of electrowetting. This equation describes the changing process of the contact angle of droplets on the solid surface with an applied voltage. As shown in equation (3) [17]:
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Where, θ is the contact angle when driving voltage is V, ε0 is the vacuum dielectric constant, εr is the relative dielectric constant, d is the thickness of a hydrophobic insulation layer, γeo is the interface tension between oil and electrolyte solution, and V is the driving voltage. As shown in Figure 1, The other two interfacial tensions are γso and γse, γso is the interfacial tension between the hydrophobic insulation layer and oil. γse is the interfacial tension between the hydrophobic insulation layer and electrolyte solution. When the driving voltage is 0V, the non-polar oil is laid on the hydrophobic insulation layer, and the contact angle is small, close to zero.


[image: Figure 1]
FIGURE 1. The structure of an EWD pixel. The colored oil was pushed to a corner of the pixel by driving voltage. The pixel would display the color of oil and part of the white substrate.


EWD is an optical switch for realizing gray-scale display by controlling the movement of colored oil by applying voltage. In practical application, the display is realized by an optical stack. It consists of a white substrate, a hydrophobic insulation layer, colored oil, water and an ITO (indium tin oxide) glass. When the voltage is turned off, the force among the colored oil, the hydrophobic insulation layer and the water is balanced. At this time, γeo > γso, and contact angle θ < 90. The colored oil is laid between the water and the hydrophobic insulation, which can show a hydrophilicity and become a continuous spreading film. And we could see the color of oil, as shown in Figure 2A, the state is in the lowest energy state at this time.


[image: Figure 2]
FIGURE 2. Display principle of an EWD pixel. (A) When the pixel was turned off, the whole pixel was covered by oil, the color of oil was reflected. (B) When the pixel was turned on, the oil was pushed into a corner of the pixel, the color of substrate was reflected.


Next, the voltage is connected to the upper and lower plates of ITO. As shown in Figure 2B, according to Lippmann-Young equation, with the increase of electric field, the surface tension among insulation layer, oil film and water can be increased, and the indirect antennae of the interface become larger. The original balance can be broken by the electric field force generated by the voltage difference. Water instead of the oil to contact with the hydrophobic insulation layer surface. At this time, γeo < γso, and contact angle θ > 90. The oil is pushed to a corner of pixels, so pixels show color of the white substate. The colored oil shows hydrophobicity.



Principle of Contact Angle Hysteresis

In an EWD driving process, as the driving voltage increases from 0V to the maximum voltage Vm, the oil in the pixel is gradually gathered. When the driving voltage reaches the maximum value, the oil can be completely pushed to a corner. In this process, the higher the voltage, the larger the contact angle. The process of increasing voltage is the advancing process, and the contact angle is also called as advancing angle. On the contrary, the process of reducing the voltage from Vm to 0V is called as receding process, and the contact angle at this time is also called as the receding angle. With a same driving voltage value, the difference between the advancing angle and the receding angle is the contact angle hysteresis in EWDs.

The aperture ratio is a proportion of the exposed white substrate area in a whole pixel. The different aperture ratio represents different optical states. The surface area of oil can be expressed as equation (4), and the aperture ratio can be defined as equation (5) [18].
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Where, WA(V) is the aperture ratio, Soil represents the surface area of oil when voltage V is applied to EWDs. Spix is the surface area of a whole pixel, and Boil is the volume of the oil. The pixel wall can divide an EWD into several pixels. This transparent grid structure has a small area which can be ignored in calculating the aperture ratio.




EXPERIMENTAL RESULTS AND DISCUSSION


Experimental Platform and Experimental Materials

In order to measure the display state of pixels, a complete experimental platform was built. As shown in Figure 3, the experimental equipment mainly includes: (a) is a GDS-3354 oscilloscope (Shanghai GuWei Electronics Co., Ltd, Shanghai, China); (b) is an AFG3052C function generator, produced by Tektronix (United States); (c) is an ATA-2022H amplifier, produced by Agitek (Xi'an, China); (d) is a XTL-165 microscope, produced by Phenix (Jiangxi, China), and (e) is a computer. The experimental process was described as follows: First, the required waveform was edited by the computer. Second, the voltage sequence of the waveform was generated by the waveform generator, and the voltage was amplified by the amplifier. Then the output voltage of the amplifier was applied to an EWD panel. Finally, the video stream was captured by the high-speed camera combined with the microscope and displayed on another computer. The aperture ratio was calculated by a software.


[image: Figure 3]
FIGURE 3. Experimental platform for the testing of EWD contact angle hysteresis. It was composed of driving system and testing system. (a) Oscilloscope. (b) Function generator. (c) Amplifier. (d) Microscope. (e) Computer.


The materials of an EWD panel used in the experiment are as follows. The material of hydrophobic insulating layer was Teflon AF1600, and the solution was a fluorocarbon solvent FC-43 of 3M Company in United States. Transparent polyimide was used as the grid material of pixel walls. Photoresist was SU-83005 which came from Microchem. The ITO glass substrate came from Shenzhen Laibao High-Tech Co., Ltd, with a thickness of 0.7 mm and an impedance of 100 Ω/cm2. The electrolyte solution was sodium chloride solution with a concentration of 1 × 10-4 mol/L, deionized water was obtained by an ultra-pure ultraviolet water purification system. And the parameters of the EWD panel were listed in Table 1.


Table 1. Parameters of the EWD panel.

[image: Table 1]



Effect of Contact Angle Hysteresis on EWDs

During the driving process of EWDs, the period that the driving voltage increases from 0V to the maximum voltage and then decreases from the maximum voltage to 0V is called a driving period T. In 0-T/2, the driving voltage can be gradually increased, and the pixel oil gradually shrinks from the flat state to a corner in a pixel. In the process from T/2 to T, the oil state should be completely opposite to the first half cycle. In this case, the oil could be controlled more precisely and achieve a multiple gray-scale display.

However, the state of oil is different from an ideal situation. Two identical EWD panels were used to test the impact of contact angle hysteresis. The driving voltage was increased from 0 to 20V and decreased from 30 to 20V respectively. When starting voltages were different, the gray-scale obtained was different with a same target driving voltage. As shown in Figure 4, when the driving voltage was increased from 0 to 20V, the pixel aperture ratio was 24.85%; when the driving voltage was decreased from 30 to 20V, the pixel aperture ratio was 40.12%. The maximum difference of the aperture ratio was 15.27%. During the process of driving voltage increased from 0 to 20V, the electric field force increased, and the oil was pushed to achieve a balance state. During the process of driving voltage decreased from 30 to 20V, the electric field force decreased, and the oil spread naturally due to the wetting effect. Due to the coarseness of hydrophobic insulation layer and the existence of charge trapping, the rising and falling process was asymmetric. This phenomenon is called hysteresis effect, and also can be called gray-scale distortion. The smaller the difference, the smaller the gray-scale distortion. This gray-scale distortion phenomenon was caused by contact angle hysteresis.


[image: Figure 4]
FIGURE 4. Inconsistent performance of aperture ratio in a pixel. The driving voltage was increased from 0 to 20V and decreased from 30 to 20V, respectively, the aperture ratio was different at 20V.




Contact Angle Hysteresis in DC Driving Scheme and AC Driving Scheme

In order to study the effect of contact angle hysteresis on aperture ratio of EWDs, some experiments were designed in this paper. The traditional square wave was selected to drive an EWD panel, and 60 Hz was determined as the default driving frequency [3]. As shown in Figure 5, they are square waves in DC driving scheme and AC driving scheme, respectively. The relationship between driving voltage and aperture ratio in DC driving scheme and AC driving scheme were tested. During experiments, the overall trend of the pixel aperture ratio was increasing with the increasing of driving voltage. When the driving voltage was decreased, the aperture ratio was decreased, and finally returned to a flat state. When the voltage was increased from 0 to 30V, the oil state was in the forward process. When the voltage was decreased from 30 to 0V, the oil state was in the backward process. When the driving voltage was higher than 30V, the pixel could be broken down.


[image: Figure 5]
FIGURE 5. Square waves in DC driving scheme and AC driving scheme. (A) The square wave in DC driving scheme. (B) The square wave in AC driving scheme.


The test results are shown in Figure 6. Figure 6A shows the result of square wave in DC driving scheme, the range of aperture ratio was 1–61.48%. At both ends of the driving voltage value, the distortion of the aperture ratio was small. When the driving voltage was in the middle stage, the rate of the aperture ratio distortion was bigger. Among these situations, when the driving voltage was 16V, the maximum distortion could reach to 35.82%. During an entire EWD process, the scale distortion interval of gray-scale was 0–35.82%. Figure 6B shows the result of square wave in AC driving scheme, the range of aperture ratio was 1–58.71%. At both ends of the driving voltage value, the distortion of the aperture ratio was small. When the driving voltage was in the middle stage, the rate of the aperture ratio distortion was bigger. Among these situations, when the driving voltage was 13V, the maximum distortion could reach to 20.84%. During an entire EWD process, the scale distortion interval of gray-scale was 0–20.84%. It can be seen that the contact angle hysteresis of AC driving scheme is lower than that of DC driving scheme.


[image: Figure 6]
FIGURE 6. Hysteresis curves of an EWD driven by DC driving scheme and AC driving scheme. The black curve showed the aperture ratio when driving voltage was increased from 0 to 30V, and the red curve showed the aperture ratio when driving voltage was decreased from 30 to 0V. (A) The hysteresis curve of an EWD driven by DC driving scheme. (B) The hysteresis curve of an EWD driven by AC driving scheme.




Frequency Optimization for the AC Driving Scheme

In order to determine the optimal driving frequency, more experiments were designed. The maximum voltage in AC driving scheme used in this paper was 30V. And AC voltages with frequency of 90–2,700 Hz were applied to EWD panels. Then the average value of aperture ratio was recorded, simulated and calculated by a microscope.

As shown in Figure 7, when the frequency was from 90 to 350 Hz, the oil in pixels was unstable, and pixels were opened for a short time and closed in an instant. In addition, the unstable state of oil in the pixel led to an oil splitting. Although the driving voltage was remained unchanged, the aperture ratio of the pixel was decreased gradually with the passage of time, and the stability of the aperture ratio was insufficient.


[image: Figure 7]
FIGURE 7. The EWD was driven by a 30V AC driving voltage, the aperture ratio changed when the frequency was increased from 90 to 2,700 Hz. When the frequency was 350–500 Hz, pixels were fully opened.


When the frequency was 350–500 Hz. The oil in pixels was stable, pixels were fully opened, the aperture ratio was 70.96%, and pixels were hardly closed within 12 s. When the frequency was 500–1,200 Hz, some pixels were fully opened, and others were not fully opened. The oil state was not stable enough. The overall aperture ratio of pixels varied from 62.10 to 56.33%. When the frequency was 1,200–2,700 Hz, the oil state in pixels was stable, but pixels were not fully opened, and the aperture ratio was stable at about 51.89%. At the same time, when the driving voltage was unchanged, the oil state had almost no change by time, and the aperture ratio was remained stable. When the driving voltage frequency was higher than 2,700 Hz, as the frequency was changed, the aperture ratio was remained at about 50.73%. Therefore, when the frequency was higher than 2,700 Hz, the influence of driving voltage and frequency on aperture ratio was very small.

In the process of an AC voltage driving with a constant frequency, the oil movement path became more stable over time. We tested the stability of the aperture ratio within 12 s when the frequency was 90, 175, 350, 470, 670, 1,200, 1,700, and 2,700 Hz. As shown in Figure 8.


[image: Figure 8]
FIGURE 8. The relationship between time and aperture ratio when an EWD was driven by a 30V AC driving voltage at different frequencies. The smoothness of curves represented the oil stability. The 470 Hz AC driving voltage had the largest aperture ratio and most stable aperture ratio.


It can be seen from Figure 8 that the aperture ratio reached the maximum with frequency of 90 Hz. But the oil was gradually spread out from the fully contracted state within 2 s. After 5 s, the aperture ratio was decreased from about 69.76% to 50.77%. In addition, during the oil shrinking process, the oil state was unstable and split. At the same time, the oil in pixels was driven randomly to four corners, and it could affect the display brightness of pixels. Compared with the frequency of 90 Hz, the oil was more stable under the frequency of 175 Hz. But within 1 s, aperture ratio was decreased from 58.38 to 52.11%. Then the aperture ratio was remained stable. When the frequency was higher than 350 Hz, the stability of aperture ratio was significantly improved. When the frequency was 350 and 470 Hz, the oil in pixels was completely contracted and remained stable within 12 s. When the frequency was 670 Hz, the aperture ratio was 61.33%, and pixels were not fully opened. At this time, the aperture ratio was stable. When the frequency was 1,200, 1,700, and 2,700 Hz, the aperture ratio and the oil state were stable, but pixels were not fully opened. Therefore, the 470 Hz AC driving voltage was selected in our driving scheme for EWDs.

The generation process of the 470 Hz AC driving voltage was as follows, the waveform generator can generate 470 Hz AC driving voltage with the maximum voltage difference of 10V. Therefore, the AC voltage was varied from +5 to −5V. Then the output of waveform generator was amplified 6 times by a high voltage amplifier, so that the AC driving voltage can be changed from +30 to −30V. During the AC driving process, the average value of the aperture ratio was calculated.

As shown in Figure 9, the red curve indicated that the driving voltage was increased from 10 to 25V and the blue curve indicated that the driving voltage was decreased from 25 to 10V. When the voltage was > 25V or < 10V, these two curves were coincident. In process (B), when the driving voltage was increased or decreased, the aperture ratio was basically the same, and the maximum difference between them was 3%. In process (A), when the difference of aperture ratio was the largest, the EWD is shown in the Figure 10. Figure 10A showed the aperture ratio of EWDs during the driving voltage increasing process, the average aperture ratio was 26.50%; Figure 10B showed the aperture ratio of EWDs during the driving voltage decreasing process, the average aperture ratio was 32.47%. Therefore, the maximum difference between them is 5.97%. When the traditional DC voltage was used, the maximum distortion was 35.82%. Although the distortion could not be completely eliminated, the aperture ratio distortion could be reduced by 29.85% with the AC driving scheme.


[image: Figure 9]
FIGURE 9. Hysteresis characteristic curves of an EWD driven by a 470 Hz AC driving voltage. The red curve represented the aperture ratio when the driving voltage was increased from 10 to 25V, the blue curve represented the aperture ratio when the driving voltage was decreased from 25 to 10V. The maximum distortion is 5.97%. (A) Indicates the state where the difference of aperture ratio changes greatly, (B) indicates the stage where the difference of aperture ratio changes little.



[image: Figure 10]
FIGURE 10. The aperture ratio of pixels when the EWD was driven by 470 Hz AC driving voltage. (A) The pixel aperture ratio was 26.50% during the voltage increasing process. (B) The pixel aperture ratio was 32.47% during the voltage decreasing process. The maximum difference was 5.97%.





CONCLUSIONS

In order to reduce the distortion of aperture ratio and achieve precise control of gray-scales, an AC driving scheme was proposed for improving the performance of EWDs. This scheme can effectively reduce the influence of contact angle hysteresis. The advantages and disadvantages of AC driving voltages at different frequencies were analyzed by experiments. And then, according to the stability and aperture ratio of EWDs, a 470 Hz AC driving scheme was determined. Compared with traditional DC driving scheme, the aperture ratio distortion caused by contact angle hysteresis could be reduced to 5.97%. Therefore, this scheme could be applied to EWDs system to achieve more accurate control for displaying gray-scales.
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Organic-inorganic hybrid methylammonium lead halide perovskite MAPbX3 (where MA = CH3NH3, and X = Cl, Br, I) single crystals are potential semiconductors for photo-detection due to their excellent optoelectronic performance. In particular, MAPbCl3 single crystal is a wide-band-gap (2.9 eV) semiconductor which is suitable for ultraviolet (UV) detection. In this work, n−-n+ photo-diodes are fabricated through solution-processed epitaxial growth, growing Bi-doped MAPbCl3 epitaxial layer on MAPbCl3 single crystal substrate. The epitaxial layer effectively improves the interface between n−-type and n+-type layers and leads to low dark current. This work provides useful information for UV detection based on perovskites.
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INTRODUCTION

Recently, Organic-inorganic hybrid methylammonium lead halide perovskite (MAPbX3, where MA = CH3NH3, and X = Cl, Br, I) perovskite have attracted a lot of attention due to their excellent optoelectronic properties, such as tunable band gap, low trap density, and long diffusion length [1, 2]. MAPbX3 have been proved to have potential in a number of optoelectronic devices, such as photodetectors, light-emitting diodes, and solar cells [3–9]. There are reports on the visible and near infrared detection applications of MAPbI3 and MAPbBr3 single crystals because of their suitable band gap and high optical absorption coefficient [10, 11]. MAPbCl3 single crystals are wide-bandgap (2.9 eV) semiconductors [12] which are insensitive to visible light while having a high absorption for ultraviolet (UV) radiation (wavelength ~100–400 nm) [13]. These characters make MAPbCl3 single crystals suitable in applications of UV detection [14–16]. To best our knowledge, little work carried out to study the optoelectronic characteristics of photo-diode based on MAPbCl3, which is important to develop optoelectronic device based on PSCs. Therefore, it is necessary to obtain a photo-diode based on MAPbCl3 with high performance.

The properties of conventional semiconductor could be adjusted by impurity doping, similarly, heterovalent metals doping into PSCs is an efficient way to change the electrical and optical properties [17–21]. MAPbCl3 is proved to be a n− type semiconductor [12], while doping Bi3+ into MAPbX3 would move Femi level close to conduction band [22, 23]. Inspired by the above work, we suppose to fabricate n−-n+ photo-diodes based on n−-type MAPbCl3 single crystal substrate with n+-type Bi-doped MAPbCl3 epitaxial layer. Different to conventional heterojunction, the PSCs homojunction has low lattice mismatch rate, continuous band alignments, and low trap densities [24–26] which allow the device to have a lower dark current when the device is under reverse bias.

In this work, a bulk MAPbCl3 single crystal with cubic shape and high crystallization quality was synthesized by inverse temperature crystallization (ITC) method [27], and we fabricated a UV photo-diode by growing Bi-doped MAPbCl3 epitaxial layer on MAPbCl3 single crystal substrate. This photo-diode shows a low dark current density of −2.15 μAcm−2 at −20 V bias voltage while its photocurrent reaches −82.69 μAcm−2 under 393 nm LED with the illumination of 20 mWcm−2. Due to the successful fabricating of the n−-n+ junction, the responsibility reaches 404.7 mA/W, ~1–2 orders of magnitude higher than pervious reported photodetector based on MAPbCl3 [14, 28], and its detectivity reaches 4.87 × 1011 Jones, which is two orders of magnitude higher than that of the previously reported MAPbCl3 photodetectors [14]. The relatively high carrier mobility makes the rise time reach 176.3 ns while decay reaches 11.6 μs, which is 1–3 orders of magnitude faster than that of the previously reported MAPbCl3 photodetectors [14, 15, 28].



MATERIALS AND METHODS


Materials

Lead chloride (PbCl2, 99%) were purchased from Sigma Aldrich. N, N-Dimethylformamidel (DMF, 99.5%), and Dimethyl sulfoxide were purchased from Chinese reagents. Bismuth Chloride (BiCl3, 98%) and Methylamine hydrochloride (MACl, 98%) were purchased from Aladdin. All commercial products were used as received.



Fabrication of Device

1 mol/L MACl and 1 mol/L PbCl2 were dissolved in 50 ml dimethylformamide (DMF) and dimethylsulfoxide (DMSO) mixed solution (1:1 v/v) to act as precursor solutions. The poly tetra fluoroethylene (PTFE) filters with a 30 μm pore size were used to filter the solutions. Then, the precursor solutions, after being filtered, were transferred to a crystallizing dish by dropper. The crystallizing dish was placed on a programmable heating station (IKA-RET control-visc). The temperature was set to rise 0.5°C per hour from 40 to 60°C, the whole process is shown in Figure 1A. After two days, the pristine MAPbCl3 single crystal could be obtained, Figure 1B shows the MAPbCl3 substrate with the size of 6.95 × 6.96 × 2.52 mm.


[image: Figure 1]
FIGURE 1. (A) Processing of the growth of PSC and epitaxial. (B) Optical photo of pristine MAPbCl3 PSC. (C) Optical photo of MAPbCl3 single crystal with Bi-doped MAPbCl3 epitaxial layer. (D) Schematic representation of the photodiode structure.


Similarly, 1 mol/L MACl, 1 mol/L PbCl2, and 0.1 mol/l BiCl3 were dissolved in 10 ml dimethylformamide (DMF) and dimethylsulfoxide (DMSO) mixed solution (1:1 v/v) to prepare for epitaxial growth. The pristine MAPbCl3 single crystal was put into the epitaxial solution. After the heating station temperature kept at 60°C for 4 h. the MAPbCl3 with epitaxial layer could be obtained, and Figure 1C is a photograph of MAPbCl3 single crystal with epitaxial layer after polishing the edges of the crystal, obviously, the color of the epitaxial layer is yellow and the thickness of the epitaxial layer is nearly 0.52 mm. To fabricated the photo-diodes, the gold electrode acted as anode is deposited on the side of the MAPbCl3 substrate while the sliver electrode acted as cathode is deposited on the side of the epitaxial layer. The structure of this device is shown in Figure 1D.



Characterization and Measurements

X-ray diffraction (XRD) patterns were taken by X'TRA (Switzerland). Photoluminescence (PL) spectra were measured by UV–vis spectroscopy (Lab Tech Bluestar, USA). I-V curve was measured by a Keithley 4200 semiconductor analyzer. EQE was measured by Zolix tunable 500-W arc lamplight. A 355-nm pulsed Nd: YAG laser with 6-ns pulse width at 10 Hz as the illumination source and an Agilent oscilloscope were used to measure the carrier mobility.




RESULTS AND DISCUSSION

Firstly, we study the optical properties of the pristine MAPbCl3 substrate, MAPbCl3 with Bi-doped MAPbCl3 epitaxial layer, and Bi-doped MAPbCl3 single crystal, the PL spectra and absorption are shown in Figures 2A,B. The absorption edge of pristine MAPbCl3 single crystal was located at 430 nm, and the PL peak is obtained at 436 nm with a narrow FWHM of 14.9 nm confirming the high quality of the single crystal [7]. Doping into single crystal would cause a larger increase of the lattice defect which is the reason why the PL of the Bi-doped MAPbCl3 has a broadening effect [29]. The absorption of Bi-doped MAPbCl3 single crystal is in good agreement with results that were previously reported [30]. The PL of MAPbCl3 with Bi-doped MAPbCl3 epitaxial layer is the stack of the pristine MAPbCl3 and Bi-doped MAPbCl3 single crystal, which indicated the successful growth of the Bi-doped MAPbCl3 epitaxial layer. The absorption moves from 430 to 480 nm after epitaxial growth which approaches the Bi-doped MAPbCl3 single crystal.


[image: Figure 2]
FIGURE 2. (A) PL spectra of pristine MAPbCl3 substrate, MAPbCl3 with epitaxial layer, and Bi-doped MAPbCl3. (B) Absorption of pristine MAPbCl3 substrate, MAPbCl3 with epitaxial layer, and Bi-doped MAPbCl3. (C) XRD spectra of the pristine MAPbCl3 substrate, MAPbCl3 with Bi-doped MAPbCl3 epitaxial layer, and Bi-doped MAPbCl3 single crystal. (D) XRD spectra from 47.5° to 48.5° of the three kinds of PSCs.


Figures 2C,D provide XRD spectra of pristine MAPbCl3 single crystal, MAPbCl3 with epitaxial layer, and Bi-doped MAPbCl3. To (100) planes, the strongest peaks of MAPbCl3 are observed at 2θ = 31.48°, 48.00°, 65.68°, while the strongest peaks of Bi-doped MAPbCl3 at 2θ = 31.50°, 48.02°, 65.70° indicating no phase change after doping Bi3+. Besides, Figure 2D illustrates the FWHM of pristine MAPbCl3 single crystal with the epitaxial layer is 0.113° which confirms the epitaxial layer remains single crystalline. The stagger XRD peak of MAPbCl3 substrate and epitaxial layer causes the FWHM of photo-diode to be widened. The lattice constants could be calculated from the XRD spectra by Bragg law (2dsinθ = n*λ, where d is the distance between two atoms, θ is the angle of crystal plane and X-ray, n is constant, and λ is the wavelength of the X-ray), the lattice constants of MAPbCl3 and Bi-doped MAPbCl3 are 5.67902 Å and 5.67550 Å, respectively, the lattice constants of MAPbCl3 is same as previously reported [31]. After doping Bi3+, the lattice constant is smaller than pristine MAPbCl3 single crystal indicating the Bi3+ ions are possibly substituting Pb2+ ions in the crystal. The mismatch rate (mismatch rate can be calculated by γ = (a1−a2)/(a1 + a2), where ai is the lattice constants of the crystal) of MAPbCl3 and Bi-doped MAPbCl3 single crystal is 0.3%, suggesting that their lattice could match well.

Further, the charge mobility of the photo-diode is investigated by the TOF method. After the optical signal is received, the photo-induced holes could immediately be collected under forward bias, while electrons have to drift through the whole device to be collected, the electrons mobility could be calculated through the drift time. Similarly, under the reverse voltage, the holes' mobility could be calculated in the same way. A 355-nm pulsed Nd: YAG laser with 6-ns pulse width at 10 Hz is used as the illumination source, the direction of the light is shown in Figure 3A. The average electron mobility was measured as shown in Figure 3B. And the average hole mobility was measured as shown in Figure 3C. The carrier mobility can be calculated according to:

[image: image]

where μ is the carrier mobility, L is the thickness of the photo-diode, Vs is the bias voltage between two electrodes, and Ttof is the transmit time [32, 33]. The fitting plot of carrier mobility vs. reciprocal of the bias voltage is shown in the insets, the result shows that the average holes mobility is 55.06 ± 0.61 cm2V−1s−1 is faster than UV detector based on MAPbCl3 single crystal (26 cm2V−1s−1) reported [16], the reason is Bi-Doped MaPbCl3 has a high conductivity. And the average electrons mobility is 40.01 ± 1.30 cm2V−1s−1.


[image: Figure 3]
FIGURE 3. (A) Illustration of the optoelectronic experiment. (B) Holes mobility measured by time-of-flight (TOF) method. (C) Electrons mobility measured by the TOF method.


Figure 4A illustrates the EQE of the photo-diode under −20V, the EQE peak locates at 398 nm which prove the device can be applied in UV photo-detection. EQE is calculated by:

[image: image]

where ILight is the photocurrent (A), IDark is the dark current (A), h is Plank's constant, ν is the frequency of incident light, S is the area being illuminated, and P is the incident illumination power density (W/cm2), and e is the element charge [34].


[image: Figure 4]
FIGURE 4. (A) EQE curve under −20 V from 350 to 500 nm. (B) Current density vs. Voltage curve. (C) Signal current as a function of frequency under different voltage bias. (D) Temporal response of the photo-diode under different Voltage. (E) Rise time and decay time of the photo-diode at −200 V bias.


To further study the optoelectronic performance of this photo-diode, an LED with an emission peak of 393 nm and the power intensity of the LED is 20 mWcm−2, and the current-voltage characterization of the device in the dark and under illumination is shown in Figure 4B, respectively. The photocurrent under reverse bias is much larger than the photocurrent under forward bias. Because of the built-in electric field, holes are hard to transfer from MAPbCl3 substrate to Bi-MAPbCl3 epitaxial layer and electrons are hard to transfer from Bi-MAPbCl3 epitaxial layer to MAPbCl3 substrate when the device is under reverse bias and in a dark environment, and the homojunction restrains the dark current further. Thanks to the highly crystallized epitaxial layer, the dark current of the photo-diode is −2.15 μAcm−2 at −20 V, while its photocurrent reaches approximately −82.69 μAcm−2 under illumination. To analyze the response ability of the photo-diode to UV radiation, the responsivity (R) and detectivity (D) of the photo-diode was calculated as follow [35, 36]:

[image: image]

The responsivity is calculated to be 404.7 mA/W, detectivity is calculated to be 4.87 × 1011 Jones which is one order of magnitude larger compared to MAPBCl3 film (6.87 × 1010 Jones) [37].

To study the signal noise at low frequency, we investigate 10 Hz temporal response of the photo-diode under different reverse voltage bias from −10 to −50 V, the Fast Fourier Transform (FFT) method is used to transfer the current vs. time curve to signal current vs. frequency curve. The signal noise from 2 to 18 Hz is calculated and the curve is shown in Figure 4C. The average noise current increases from 2.3 pAHz−0.5 to 17.0 nAHz−0.5 under illumination with bias voltage from −10 to −50 V.

Figure 4D illustrates the on–off switching properties of the photo-diode with the bias voltage range from −10 to −50 V. Obviously, the photo-diode could switch rapidly and stably under different bias. The response speed was measured as shown in Figure 4E, the rise time is 176.3 ns and the fall time is 11.6 μs under the bias of −150 V, the fast carrier mobility contributes to the rapid response speed.

The comparison of responsivity and response time between this work and previously reported MAPbCl3 photodetector is summarized in Table 1. The photo-diode fabricated in this work has a higher responsivity than most UV detectors reported, and the decay time is the fastest.


Table 1. Comparison between this work and previously reported MAPbCl3 photodetectors.
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CONCLUSION

In summary, we have fabricated a UV photo-diode by growing Bi-doped MAPbCl3 epitaxial layer on a pristine MAPbCl3 single crystal substrate. And we calculate the lattice constants of pristine MAPbCl3 and Bi-doped MAPbCl3 single crystal through XRD, which are lattice-matched. Further, we investigate the optoelectronic properties of the photo-diode. At −20 V voltage, the dark current is −2.15 μAcm−2 while the photocurrent reaches −82.69 μAcm−2, the on-off ratio reaches nearly 40 under a 393 nm LED with 20 mW/cm2. Moreover, the photo-diode has a responsivity of 404.7 mW/cm2 and detectivity of 4.87 × 1011 Jones. The carrier mobility is calculated to be 55.06 ± 0.61 cm2V−1s−1 by TOF. The rise time and decay time are 176.3 ns and 11.6 μs, which is faster than the previously reported UV detector based on MAPbCl3 single crystal and ploy-crystal film. This work provides useful information for UV detection and photoelectrical device based on MAPbX3.
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Electrowetting display (EWD) device is a new type of reflective optoelectronic equipment with paper-like display performance. Due to the oil backflow phenomenon, it is difficult for pixels to be maintained a stable aperture ratio, so the grayscale of EWDs cannot be stabilized. To reduce the oil backflow in EWDs, a driving waveform composed of a driving signal and a periodic reset signal was proposed in this paper. A direct current (DC) signal was designed as the driving signal for driving pixels. The aperture ratio of pixels was determined by the amplitude of the DC signal. The periodic reset signal was divided into a charge release phase and a driving recovery phase. During the charge release phase, the driving voltage was abruptly dropped to 0 V for a period to release trapped charges. In the driving recovery phase, the driving voltage was rapidly increased from 0 V to a maximum value. To reach the same grayscale of EWDs, the driving waveform was returned to the driving signal at the end of the driving recovery phase. Experimental results showed that the aperture ratio of EWDs was unchanged when the driving waveform was applied. However, the aperture ratio of pixels was gradually decreased with the conventional driving waveform. It was indicated that the charge trapping effect and the oil backflow phenomenon can be effectively inhibited by the proposed driving waveform. Compared with the conventional driving waveform, the speed of oil backflow was reduced by 90.4%. The results demonstrated that the proposed driving waveform is beneficial for the achievement of stable grayscale in EWDs.
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INTRODUCTION

As a reflective display technology, the electrophoretic display (EPD) technology [1] has been successfully applied in fields such as e-readers [2], electronic tags, and billboards. However, due to limitations of EPDs in response time [3] and color display [4], it is difficult to be used in application scenarios where rich colors and video display [5] are required.

The mentioned shortcomings of EPDs can be made up by the EWD technology [6] based on the electrowetting effect [7]. As a novel reflective display technology, the EWD has a response speed of milliseconds and can maintain high contrast and reflectivity in a strong light environment. In addition, the power consumption and the thickness of the device can be significantly reduced [8]. Therefore, the power consumption of EWDs is much lower than liquid crystal display (LCD) of equivalent size and solution. As the new generation of display technology, the driving system for EWDs has received wide attention [9, 10]. However, the charge trapping phenomenon can cause an asymmetric electrowetting effect [11], contact angle saturation, and oil backflow [12]. These problems not only directly lead to dielectric failure [13], but also make a challenge for the stable display and precise control of grayscales. The strength of the charge trapping effect is related to the polarity of the driving voltage, type, and pH value of the solution. It has been found that increasing the size of ions in the solution could reduce the risk of charge trapping effects [14]. According to the previous research, it was possible to reduce the charge trapping effect by introducing an oil layer [15], but this hypothesis has not yet been confirmed. Research results demonstrated that the saturation effect of contact angle could be suppressed by driving waveform modulation [16]. However, the maximum voltage of proposed driving waveform was up to 200 V. In addition, some driving waveforms of EWDs with a low voltage were designed, whereas the effect of hysteresis in EWDs was not considered by these driving waveforms [17, 18]. Even so, these excellent research results provided valuable experience and an important reference for reducing the charge trapping effect.

A well-designed driving waveform is an important method to improve the display performance of displays [19, 20]. Therefore, we analyzed the formation mechanism of oil backflow caused by the charge trapping effect. And then a new driving waveform for suppressing the charge trapping was proposed. To reduce the charge trapping effect, a reset signal was introduced into the driving waveform. This method could provide a new idea for achieving stable and precise control of grayscales for EWDs.



PRINCIPLES OF EWDs


Principle of Electrowetting-on-Dielectric

Electrowetting is to change the surface tension between solid-liquid interface by applying a voltage between conductive liquid and electrode. The related dynamics of electrowetting and the concept of EWDs were proposed in 1981 [7, 21]. With the introduction of a dielectric layer between the conductive liquid and the metal electrode, the problem of electrolysis of the electrode has been solved [22]. And the electrowetting model with a dielectric layer introduced is called electrowetting-on-dielectric (EWOD) [23]. The structure diagram of an EWOD model was shown in Figure 1. The conductive liquid is placed on the surface of the dielectric layer with hydrophobic properties. One of the electrodes was immersed in the conductive liquid drop, and the other electrode was under the dielectric layer substrate. When a voltage was applied between two electrodes of a pixel, the wettability of conductive liquid droplet can be increased. In this case, the solid-liquid interface and the dielectric layer can be taken as a parallel plate capacitor.


[image: Figure 1]
FIGURE 1. Schematic diagram of an EWOD. When no external voltage was applied, the conductive fluid was in a contracted state, as shown in the red part. When an appropriate driving voltage was applied, the contracted conductive droplet can be spread out, as shown by the dotted line.


When no voltage was applied between the conductive liquid and the metal electrode, the conductive liquid droplet can form an angle θ0 between the three-phase contact line and the hydrophobic dielectric layer with the action of surface tension. The angle θ0 is called the electrowetting contact angle. Since the size of a droplet is very small, the effect of gravity is negligible relative to the surface tension of the droplet. In the initial state, the relationship described by Formula (1) can be obtained according to the mechanical equilibrium along the surface of the hydrophobic insulating layer.

[image: image]

Then, the contact angle in the initial state can be expressed by the Formula (2).

[image: image]

In Formulas (1) and (2), θ0 is the contact angle of the solid-liquid interface. γsl, γsg, and γlg represent the surface tension of the solid-liquid, solid-gas, and liquid-gas interface, respectively.

When a voltage U was applied between the conductive liquid and the electrode, the surface tension γsl at the solid-liquid interface could be decreased. The relationship between the surface tension γsl and the voltage U can be described by the Lippmann equation, as shown in Formula (3).

[image: image]

Where, [image: image] is the surface tension between the hydrophobic insulating layer and the conductive liquid when the voltage was applied. ε0 is the vacuum dielectric constant, εr is the relative dielectric constant of the dielectric layer. d is the effective thickness of the hydrophobic medium layer. Combined with Young's equation, the relationship between the contact angle of the solid-liquid interface and the applied voltage can be described by Formula (4), namely the Lippmann-Young equation.

[image: image]

According to Formulas (2) and (4), the relationship between contact angle and voltage can be written as Formula (5).

[image: image]

Where, θu was the solid-liquid contact angle when U was applied.



Principle of EWDs

EWOD is widely used in many fields such as digital microfluidics (DMF) [24–26], lab-on-chip [27, 28], micro-lens [29–31], and EWDs. In 2003, a reflective display based on the principle of EWOD was proposed [6].

The basic structure of EWDs was shown in Figure 2A. The optical laminated structure of the display device is composed of a white reflective substrate, a hydrophobic insulating layer, an indium tin oxide (ITO) electrode, oil film, and water. The white reflective substrate at the bottom of the device is an electrode coated with a hydrophobic insulating layer, and the hydrophobic insulating layer is covered with a layer of the colored oil. The transparent conductive liquid is connected to the water electrode, and the oil film is confined inside the surrounding pixel grid by pixel wall.


[image: Figure 2]
FIGURE 2. Schematic diagram of EWDs. When no voltage was applied, the colored oil was evenly spread out in the pixel grid, (A) is a side sectional view, (C) is a top view. When a voltage was applied, the spread oil film was squeezed to a corner of the pixel grid, (B) is the side cross-sectional view, (D) is the top view.


When no voltage was applied between the upper and lower substrates, the sum of interfacial tension at the oil-water interface and interfacial tension at the oil-solid interface is less than the interfacial tension at the water-solid interface. According to the principle of the lowest energy of a stable system, oil droplets can naturally stretch into an oil film and spread between the transparent conductive liquid and the hydrophobic insulating layer. At this time, the pixel grid was in a closed state, and the color of oil film was displayed, as shown in Figures 2A,C.

When a voltage was applied between the upper and lower substrates, the original equilibrium state of the system was broken, and the solid-liquid contact angle can be gradually decreased. With the action of an external electric field, the transparent conductive liquid was deformed and displaced. And then the hydrophobic insulating layer was infiltrated by the liquid. With the push of the transparent conductive liquid, the stretched oil film can shrink to a corner in a pixel grid. The contact area between the shrinking oil and the hydrophobic insulating layer was gradually decreased, and eventually, the entire system can reach a new equilibrium state. With the action of an external electric field, the shape of the opened pixel grid was shown in Figures 2B,D. The magnitude of the applied voltage determines the balance position of the corresponding electrostatic force and capillary force. Thus, the opening degree of the pixel grid was determined by the voltage applied between the upper and lower electrodes. Therefore, the grayscale of EWDs can be controlled by adjusting the magnitude of the applied voltage. The opening degree of the pixel grid can be characterized by the aperture ratio. The aperture ratio is defined as the ratio of the aperture area So to the total area of a pixel grid Sp, which can be described by the Formula (6).

[image: image]
 

Charge Trapping Effect and Oil Backflow Phenomenon

According to the Lippmann-Young equation, the change of the electrowetting contact angle in an ideal state is related to the square of U. Theoretically, the change in contact angle is only related to the magnitude of the applied voltage. The polarity of the applied voltage (positive or negative voltage) makes no difference in the change of a contact angle. However, it has been found that the change of contact angle during the electrowetting process showed a dependence on the polarity of driving voltages. The asymmetric electrowetting effect can be exacerbated because of the polarity dependence. The previous study has shown that the charge at the solid-liquid interface could be trapped by asymmetric electrowetting points with voltage polarity dependence [15]. To take the captured charges into account, a modification could be made to the Lippmann-Young equation. The modified Lippmann-Young equation can be described by Formula (7).

[image: image]

[image: image]

Where, UT represents the magnitude of the voltage generated by the trapped charges. σT represents the density of trapped charges, as shown in Formula (8). It has been found that there was indeed a charge trapping phenomenon during the electrowetting process [32]. According to the modified Lippmann-Young equation, a local reverse electric field can be formed at the interface between the dielectric and the water because of the charge trapping effect. The effective electric field at the three-phase contact line was weakened by the reverse electric field. The reverse electric field could be continuously strengthened by the accumulated charges. Therefore, the effective driving voltage between electrodes of pixel was indirectly reduced with the increasing of time. With a constant voltage applied, the electrowetting force would be reduced by the charge trapping effect. At the same time, the hydrophobicity of the medium layer was enhanced. In this situation, it is difficult for the three-phase contact line to be maintained in a fixed position. Therefore, the contracted oil droplets cannot be maintained in a stable state, and the oil droplets would be gradually spread out on the medium layers.




EXPERIMENTAL METHODS


Experimental System

For evaluating the performance of the proposed driving waveform, an experimental platform was developed to measure the brightness of EWDs. The block diagram of experimental system was shown in Figure 3, and the picture of experimental platform was shown in Figure 4. The proposed experimental platform was composed of a waveform design module, a driving module, and a detection module. In the waveform design module, the waveform data generated by MATLAB was imported into the host software to obtain the corresponding waveform file. The driving module was composed of an arbitrary waveform generator and a power amplifier. The generated waveform files can be transferred to the arbitrary waveform generator by Universal Serial BUS (USB) interface. Since the amplitude of the driving waveform was limited by the arbitrary waveform generator, a power amplifier was used to amplify the driving waveform. To ensure that the designed driving waveform can be output correctly, an oscilloscope was added to observe the amplified driving waveform in real-time. Then, the amplified driving waveform was used to drive an EWD panel. The detection work was undertaken by the detection module composed of a reflection colorimeter and its host software. To characterize the performance of the EPD panel, the reflective colorimeter was placed on the EWD panel during the experiment. The brightness data of EWDs was collected by the host software of colorimeter with the USB interface.


[image: Figure 3]
FIGURE 3. System diagram of the experimental platform. The experimental platform was mainly composed of an arbitrary waveform generator, an amplifier, an oscilloscope, and a colorimeter. The magenta EWD panel was used in experiments.



[image: Figure 4]
FIGURE 4. The experimental platform for driving EWDs. (A) Oscilloscope. (B) Arbitrary waveform generator. (C) Power amplifier. (D) Colorimeter. (E) EWD panel. (F) Host software of colorimeter. (G) Host software of waveform generator.




Measurement of Hysteresis Characteristic Curve of EWDs

According to the Lippmann-Young equation, the relationship between contact angle and applied voltage was not linear. Due to the contact angle hysteresis of EWDs, the state of EWDs was different at the different stages with the same driving voltage. To intuitively observe the non-linear relationship, a stepwise voltage was applied between electrodes of pixel. The driving waveform for the measurement of the hysteresis curve was shown in Figure 5.


[image: Figure 5]
FIGURE 5. The driving waveform used to measure the hysteresis curve of an EWD. When a stepwise changing voltage was applied to an EWD, the brightness value of the EWD was measured by a reflection colorimeter in real-time.


It can be seen from Figure 5 that the driving waveform was consists of a rising phase and a falling phase. In the rising phase, the initial voltage applied to the EWD panel was 0 V, and then the voltage was increased by 0.5 V per second. When the voltage reached the maximum driving voltage of 30 V, the driving waveform was turned into a falling phase. In the falling phase, the voltage was reduced by 0.5 V per second until 0 V. The relationship between the luminance and driving voltage is shown in Figure 6.


[image: Figure 6]
FIGURE 6. Hysteresis characteristic curve of EWDs.


It can be seen from Figure 6 that the brightness of the EWD during the voltage rising phase could not be overlapped with the brightness during falling phase at the same voltage. A non-negligible difference between two curves could be observed in most voltage ranges, especially when pixels were turned on. With the same driving voltage, the brightness of an EWD in the falling phase was higher than that in the rising stage. The hysteresis effect of EWDs was mainly caused by the inconsistency between the advancing contact angle and the receding contact angle [33]. Due to the hysteresis effect of EWDs, aperture ratio in the rising phase and the falling phase were different with the same driving voltage. Similar differences have appeared in the brightness and reflectivity of EWDs. To obtain a repeatable grayscale with the same driving voltage, the influence of the hysteresis effect of EWDs cannot be ignored. The impact of the hysteresis effect on grayscales should be minimized by the design of driving waveform. Considering that the curve of luminance-voltage in the falling phase was smoother, the voltage of relatively flat area was always used to drive EWDs in this paper.



Design of Driving Waveform

Due to the phenomenon of oil backflow, the state of oil film in pixels was difficult to be maintained. To achieve a stable grayscale of EWDs, a reset signal was introduced to the driving waveform. The shape of the proposed reset signal can be shown by the red line in Figure 7. The introduction of the reset signal was aimed at reducing the influence of oil backflow caused by the charge trapping effect.


[image: Figure 7]
FIGURE 7. The diagram of driving waveform with a reset signal introduced. It can be used to reduce the influence of oil backflow in EWDs.


As shown in Figure 7, the proposed driving waveform can be divided into two parts: a driving signal S0 and a reset signal. The driving signal was used to turn on pixels, and the reset signal was used to release trapped charges. The effective driving voltage between electrodes of pixel could be maintained by discharging captured charges on time. In this way, the current equilibrium state of the oil film in pixel grids could be maintained. The reset signal can be divided into a charge release phase S1 and a driving recovery phase S2. Vmax represented the maximum driving voltage. VGn and VGn+1 represented the target voltage that was required to drive pixels to a grayscale. VRelease represented a driving voltage used in the charge release phase. Treset represented the period where the reset signal was applied. Durations of the charge release phase and the driving recovery phase in the reset signal were represented by t1 and t2, respectively. t1 + t2 represented the duration of the reset signal in one driving cycle.

The driving signal S0 was a DC signal. The DC signal was used to drive the EWD to the target grayscale. The amplitude of the driving voltage of the target grayscale can be determined by the hysteresis characteristic curve of EWDs. The reset signal was used to release captured charges. In the charge release phase of the reset signal, the release efficiency of the trapped charge was related to VRelease and t1. In the driving recovery phase of the reset signal, the maximum voltage Vmax was applied to obtain a better grayscale response. In an ideal state, a reset signal should be applied immediately before the oil backflow phenomenon appeared.




EXPERIMENTAL RESULTS AND DISCUSSION


The Brightness Change of EWDs With DC Driving Voltage

To obtain the brightness curve of an EWD with the DC voltage, several different DC driving voltages were sequentially applied to EWDs. The time-varying curve of the brightness of an EWD driven by different DC voltages as shown in Figure 8.


[image: Figure 8]
FIGURE 8. The relationship between brightness and driving time when an EWD panel was driven by different DC voltages.


It can be seen from Figure 8 that a higher brightness could be detected by the reflective colorimeter with a larger driving voltage. However, the state of EWDs cannot be maintained when the brightness reached the maximum value. The brightness value was gradually decreased at a certain rate as the driving time was increased. When the driving time was long enough, the brightness would be gradually decreased to a minimum value. When the amplitude of DC signal was reduced from 30 to 20 V, the decrease value of brightness was reduced from 2.770 to 0.729 a.u. within 109.4 s. The result showed that the drop gradient of brightness was faster with the higher driving voltage.



The Influence of Driving Waveforms With a Reset Signal on EWDs

According to the results of the DC driving experiment, it was found that the brightness of EWDs has different degrees of decline with different DC driving voltages due to the charge trapping effect. To suppress the charge trapping effect, a reset signal was introduced in the DC driving waveform. It can be seen that the shape of reset signal was determined by Treset, VRelease, t1 and t2. The driving voltage of target grayscales in phase S0 was set to 24 V. The brightness value of the EWD driven by different driving waveforms was used to characterize the performance of driving waveforms.

The brightness curve of an EWD at different frequencies was shown in Figure 9. Many peaks were observed in the curve of brightness when the driving frequency was set to 1 or 5 Hz. It was indicated that the brightness of the display had a large jitter. At this point, a strong flicker of EWDs can be directly observed. When the frequency of driving waveform was increased to 10 Hz, the number and amplitude of peaks were significantly decreased. At the same time, the obvious flicker cannot be observed on EWDs. When the frequency was increased to 50 Hz, there was no peak. It was shown that the high driving frequency was conducive to the stability of brightness or gray scales. However, the brightness of EWDs was decreased with the increase of driving frequency. In addition, an obvious downward trend has appeared when the driving frequency was increased to about 600 Hz. That's because the duration of the reset signal phase was shortened when the driving frequency was increased. If the duration of the reset signal was not enough, the target of suppressing charge trapping cannot be achieved. In this situation, it was difficult for EWDs to maintain a stable state. When the driving frequency was set to 50 Hz, the brightness can be stabilized at a higher value. In addition, the fluctuation cannot be directly observed. So, the frequency of the proposed driving waveform was set to 50 Hz.


[image: Figure 9]
FIGURE 9. The brightness curve of an EWD driven by driving waveform at different frequencies (VRelease = −30 V, Vmax = 30 V, t1 = t2, Preset = 10%.).


With the same frequency of driving waveform, the proportion of the reset signal in a whole driving cycle also had an influence on the stability of grayscales. The definition of proportion Preset can be described as Preset = (t1+t2)/TReset. The brightness curve of an EWD at different Preset was shown as Figure 10.


[image: Figure 10]
FIGURE 10. The brightness curve of an EWD driven by reset signals with different proportions Preset (F = 50 Hz, VRelease = −30 V, Vmax = 30 V, t1 = t2.).


When the driving frequency was set to 50 Hz, all driving waveforms except Preset = 0% (equivalent to DC driving waveform without a reset signal) can be used to keep the stability of brightness. With the increase of Preset in a whole driving cycle, the brightness value was increased. However, the fluctuation amplitude of brightness was significantly increased at the same time. To reduce the fluctuation of brightness, the frequency of driving waveform was increased to 100 and 500 Hz. It turned out that the maximum brightness value of EWDs was decreased. Experimental rsults show that EWDs could reach a higher brightness with the lower fluctuation when Preset was set to 10%. Therefore, the proportion Preset was set to 10% and the frequency was still set to 50 Hz.

The voltage applied in the release phase was also an important factor for the stability of EWDs. It can be seen from Figure 11 that the brightness and stability of the EWD were significantly improved with the increase of VRelease. That's because a larger reverse voltage was beneficial to the release of trapped charges. Therefore, the effective driving voltage between electrodes of a pixel can be stabilized. Once the effective voltage was stabilized, the brightness of EWDs could be maintained.


[image: Figure 11]
FIGURE 11. Luminance curves of an EWD driven by reset signals with different release voltages (F = 50 Hz, Vmax = 30 V, t1 = t2, Preset = 10%.).


In addition, the brightness stability of an EWD could be affected by the ratio of t1 to t2, which can be defined as [image: image]. Curves of brightness-time with different Rreset was shown in Figure 12. Experimental results showed that the brightness was decreased and the fluctuation range of brightness was increased with the increase of Rreset. An obvious downward trend of the brightness curve was shown when the value of Rreset was set to 1/9 or 3/7. It was demonstrated that the charge trapping effect cannot be well-suppressed when the duration of the release phase was less than half of t1 + t2. So, the brightness of EWDs was decreased as the driving time increased. On the other hand, it was difficult for pixels to reach the maximum brightness when the duration of the release phase was more than half of t1 + t2. Therefore, the decrease and fluctuation of the brightness can be noticed on EWDs. The experimental results showed that the best inhibition effect on the charge trapping can be obtained when t1 was equal to t2.


[image: Figure 12]
FIGURE 12. The curve of brightness-voltage of an EWD with the different ratio of t1/t2 (F = 50 Hz, Vmax = 30 V, VRelease = −30 V, Preset = 10%.).


With the DC voltage was applied, the brightness of EWDs was decreased by 3.280 a.u. in 145 s. However, the brightness only decreased by 0.315 a.u. in the same period by applying the proposed driving waveform. To quantitatively analyze the display performance of EWDs, the speed of oil backflow can be defined as the falling value of the brightness within unit time. It was demonstrated that the speed of oil backflow was reduced by 90.4% when the EWD was driven by the proposed driving waveform.




CONCLUSIONS

To suppress the influence of the charge trapping effect in EWDs, a driving waveform based on a reset signal was proposed. The reset signal was composed of a charge release phase and a driving recovery phase. The performance of driving waveform was evaluated by the brightness of EWDs. Experiments were conducted to investigate the influence of reset signal on the oil backflow. By applying the proposed driving waveform, the speed of oil backflow can be reduced by 90.4%, and the charge trapping effect can be suppressed by the periodic reset signal. Therefore, the proposed driving waveform could be applied for achieving stable grayscales.
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The heterostructuring and doping concepts have proved to obtain a novel n-InGaN/p-Cu2O nanowire (NW) photoanode by strong enhancement of the photocurrent compared to a bare InGaN NW photoanode in solar water splitting. The large photocurrent is due to the maximized photocarrier separation and hole transfer to the surface in the depletion zone of the p–n heterojunction established by the p-Cu2O layer, forming a thin, uniform shell-layer around the n-InGaN NW core by electrodeposition. For sufficiently thin Cu2O layers, the upward energy band bending in the depletion zone extends up to the surface for optimized hole transport and surface reaction. Thick Cu2O layers on top of the InGaN NWs act as common photocathodes. The functional InGaN/Cu2O heterostructure core-shell NW photoanode is chemically self-stabilized at positive applied voltage by a thin CuO surface layer. Final deposition of the earth-abundant NiOOH co-catalyst boosts the photocurrent of the InGaN/Cu2O/NiOOH complete NW photoanode into the competitive mA/cm2 range.

Keywords: Cu2O, InGaN nanowires, core-shell, stability, co-catalyst


INTRODUCTION

The key strategies to boost the performance of photoelectrodes are nanostructuring, surface catalyst coupling, light management, heterostructuring, and doping to optimize the crucial processes of light absorption, photocarrier separation and transfer, and surface reaction [1, 2]. To begin with the right material, InGaN is one of the best choices due to the wide tunability of the direct optical bandgap over the whole visible range by varying the In content, the high absorption coefficient, high carrier mobility, and chemical and mechanical resilience [3–5]. In addition, for one of the most important reactions, the photoelectrochemical splitting of water into hydrogen and oxygen [6–8], InGaN possesses the required straddling alignment of the conduction band and valence band with the water H+/H2 reduction potential and O2/H2O oxidation potential for up to ~50% of the In content and shows the best bandgap energy for solar light absorption for 30–40% In [9]. Solar hydrogen produced by this method of photoelectrochemical water splitting is the ideal green fuel to replace fossil fuels in a sustainable hydrogen energy economy1.

Nanostructured n-type InGaN nanowires (NWs) and InGaN layers, activated with InN quantum dots (QDs), employed as photoanodes, showed high efficiencies in the oxygen evolution reaction (OER) in solar water splitting [10–16]. The underlying difference between these two approaches is the type of surface states for the m-plane InGaN NW sidewalls and the c-plane surface of the InGaN layers and InN QDs. m-Planes exhibit negatively charged surface states within the energy bandgap, causing near-surface upward energy band bending, which is most commonly encountered in the n-type semiconductors. The c-plane of In-rich InGaN layers exhibits positively charged surface states located within the conduction band [17–21]. These positively charged surface states catalyze the OER by attraction of electrons, which is strongly enhanced by the zero-dimensional electronic properties of InN QDs. For m-planes, in contrast, a low catalytic activity for the OER results from the negatively charged surface states. Therefore, to benefit from the largely increased surface area of NWs, additional measures need to be taken to obtain competitive water splitting efficiencies, such as the decoration of the NW sidewalls with co-catalysts. InGaN NWs have also demonstrated their successful light management and absorption enhancement, acting as efficient anti-reflection structures when grown on pyramid-patterned Si substrates [22].

In this study, we demonstrate the heterostructuring and doping routes for an InGaN/Cu2O core-shell NW photoanode to boost solar water splitting by enhancing the separation and transport of photogenerated carriers. The underlying concept is as follows: A heterostructure with the right staggered band alignment, such that no energy barriers for the transport of electrons and holes are present, can improve the photogenerated carrier separation and transport. However, it is only effective together with the right band bending given by the doping. Based on an n-type photoanode with near-surface upward energy band bending, a p-type layer on top is optimum to increase the upward energy band bending at the p–n junction. Together with a positive band offset, this pushes the holes toward the surface more effectively for the OER and also enhances the electrons to travel toward the cathode for the hydrogen evolution reaction (HER). A p-type layer, however, exhibits the wrong near-surface downward energy band bending, opposing the hole transport toward the surface. Therefore, the p-type layer has to be sufficiently thin, such that it is fully depleted and the upward energy band bending proceeds all the way to the surface. This turns a p-type layer, usually acting as photocathode into an active surface layer, by boosting the efficiency of an n-type photoanode. For the optimized bandgap energy for solar light absorption of the n-type photoanode, the p-type layer on top ideally has a similar, medium bandgap energy to contribute to the absorption. Regarding the OER, however, the surface of the p-type layer is not necessarily reactive, still requiring the deposition of co-catalysts.

Considering the band alignment, doping, and bandgap energy, p-type Cu2O fulfills all the requirements when combined with n-type In-rich InGaN as a heterostructure photoanode. Photogenerated carrier separation and transfer are strongly enhanced in the depletion zone of the p–n heterojunction formed at the n-InGaN/p-Cu2O heterointerface with positive band offset. This is based on a previous study where we showed that Cu2O, a deeply studied p-type metal-oxide, acts as an efficient hole injection and a collection layer on In-rich InGaN NWs, solving the p-type conductivity problem [23]. High-quality p-type InGaN with a high In content is hardly realized. The bandgap energy of Cu2O of 2.1 eV is sufficiently small and the conduction band and valence band of Cu2O are well-aligned with those of the In-rich InGaN with the right band offsets.

Cu2O is electrodeposited on the InGaN NWs. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS) reveal that Cu2O forms a uniform shell-layer on the m-plane InGaN NW sidewalls while nucleating as isolated Cu2O nanocrystals on the c-plane NW tops. p-Type Cu2O is well-known as a photocathode for the HER [24, 25]. This is reproduced for thick Cu2O layers grown on top of the InGaN NWs. Similar to InGaN, Cu2O also exhibits a straddling energy band alignment with the water redox potentials [25–28], making the energy band alignment with InGaN most obvious. For thin Cu2O layer deposition, the Cu2O shell-layers on the InGaN NWs are fully depleted for thicknesses of ~10 nm with upward energy band bending up to the surface. The efficient photocarrier separation and hole transport to the surface strongly enhance the OER reaction for positive applied voltage, as shown by linear sweep voltammetry (LSV) measurements and current density vs. time (I–t) measurements under chopped illumination. For optimized Cu2O deposition amount, an almost 7-fold enhancement of the photocurrent is observed. Electrochemical impedance spectroscopy (EIS), however, shows that the Cu2O surface is catalytically not very active for the OER, such as the m-plane InGaN NW sidewalls, leading to an overall insufficient photocurrent. Therefore, to achieve competitive photocurrents, NiOOH co-catalyst is electrodeposited to complete the photoanode preparation process. NiOOH is chosen because it contains only earth-abundant elements. Functioning as InGaN/Cu2O core-shell NW photoanode at positive applied voltage, the Cu2O layer is chemically self-stabilized by the formation of a thin CuO surface layer due to the self-limiting oxidation of Cu2O, as evidenced by the LSV measurements, cyclic voltammetry (CV) measurements, and X-ray photoelectron spectroscopy (XPS). Although imposing a small energy barrier for the hole transport, the thin CuO surface layer does not significantly influence the photocurrent. In contrast to Cu2O employed as photocathode at negative applied voltage, no other surface passivation is needed. The InGaN/Cu2O heterostructure core-shell NW photoanode, self-passivated with the thin CuO surface layer, shows no degradation for many hours of operation.



EXPERIMENTAL DETAILS


Growth of In-rich InGaN NWs

The InGaN NWs on planar p-type Si (111) substrates were fabricated by plasma-assisted molecular beam epitaxy (PA-MBE). The In and Ga metal fluxes were provided by standard Knudson effusion cells, and the active nitrogen species were generated with a radio frequency (RF) plasma source. Before loading into the MBE chamber, the Si substrates were etched in 10 wt% HF aqueous solution for 1 min to remove the native surface oxide layer. Then, the cleaned Si substrates were loaded into the MBE buffer chamber and degassed in the MBE middle chamber for 1 h at 300°C. The Si substrates were then transferred to the MBE growth chamber, outgassed for 10 min at 900°C (thermocouple reading) to remove any residual native surface oxide, and exposed to active N flux for 5 min to form a thin SiNx layer. The RF power for the Si surface nitridation was 350 W, and the molecular N2 flow rate was 1.7 standard cubic centimeters per minute (sccm). The SiNx layer improves the InGaN crystal quality by enhancing strain relaxation and reducing the dislocation density. For not too extended nitridation, the SiNx interlayer does not alter the electronic properties/near-ohmic behavior of the Si/InGaN interface [29]. For InGaN growth, the substrate temperature was ramped down to 610°C (thermocouple reading) and InGaN growth under N-rich conditions was performed by opening the In and Ga cell shutters for 1 h. The In and Ga beam equivalent pressure was 7.60 × 10−8 and 1.32 × 10−7 Torr, respectively, and the active N source parameters were 350 W and 1.7 sccm molecular N2 flux.



Electrode Preparation

The samples were coated with In–Ga eutectic on the back side of the substrate to form an ohmic contact, glued on Cu-conductive adhesive tape, and fixed on a supporting glass plate. The surface was covered with non-transparent silicone rubber, leaving an opening for contact with the electrolyte.



Electrodeposition of Cu2O

The Cu2O layers were fabricated on the InGaN NWs by electrodeposition in a three-electrode electrochemical cell using an electrochemical work station. The InGaN NWs, a Pt mesh, and a saturated calomel electrode (SCE) were used as working, counter, and reference electrodes, respectively. The aqueous electrolyte comprised 0.4 M CuSO4, 3 M lactic acid, and C3H6O3. The pH was adjusted to 12 by adding 5 M NaOH. The deposition voltage was kept at −0.4 V vs. SCE. During deposition with magnetic stirring at 180 rpm, the temperature was set to 27°C by a hot plate with a temperature sensor in the solution.



Electrodeposition of NiOOH

The InGaN/Cu2O/NiOOH structures were prepared by electrodeposition in a three-electrode electrochemical cell with the InGaN/Cu2O working electrode, a Pt mesh counter electrode, and a saturated KCl Ag/AgCl reference electrode, connected to an electrochemical workstation. The electrolyte was 100 mL of 5 mM Ni(NO3)2·6H2O aqueous solution. The potential was kept at −1.0 V vs. Ag/AgCl. The optimized electrodeposition time was 330 s.



Materials Assessment

Structural analysis of the InGaN NWs and Cu2O layer was performed using X-ray diffraction (XRD) (PANalytical X'Pert PRO). Field-emission SEM (ZEISS Gemini 500), TEM (JEM-2100HR), and atomic force microscopy (AFM, Bruker MultiMode 8) were used to characterize the surface morphology and cross-section of the structures. EDS element mappings were carried out with energy disperse spectrometers (Aztec X-Max 80) attached to the SEM and TEM. XPS was conducted with XPS spectrometers (EscaLab 250Xi) attached to the SEM and TEM. The XPS spectra were calibrated with respect to the C 1s peak. Raman spectroscopy was performed with the 532 nm line of a Nd-YAG solid-state laser. The diameter of the laser spot was ~1 μm. Photoluminescence (PL) spectra were taken at room temperature with the 100 mW, 532 nm line of a Nd-YAG solid-state laser as excitation source, and a silicon charged coupled device (CCD) attached to a single monochromator for detection.



Electrochemical Measurements

The electrochemical measurements were performed in a three-electrode electrochemical cell with the InGaN, InGaN/Cu2O, and InGaN/Cu2O/NiOOH working electrodes; a Pt mesh counter electrode; and a saturated KCl Ag/AgCl reference electrode connected to an electrochemical workstation. A scheme of the experimental setup and sample structure is shown in Supplementary Figure 1. The electrolyte was 0.5 M Na2SO4 (pH = 7) aqueous solution. LSV current vs. voltage (I–V) measurements from +1 V to 0 V vs. Ag/AgCl [+1.6 V to +0.6 V vs. the reversible hydrogen electrode (RHE)] with 10 mV s−1 scan rate and I-t measurements at 0.6 V vs. Ag/AgCl (1.2 V vs. RHE) were performed under chopped 5 s on and 5 s off simulated sun light (1-sun, AM 1.5, 100 mW cm−2, GLORIA-X500A). EIS measurements were conducted in the frequency range of 10 Hz to 1,000 kHz in the dark and light. CV measurements were performed in the voltage windows of −1 V to +1 V and 0 V to +1 V vs. Ag/AgCl with a 100 mV s−1 scan rate.




RESULTS AND DISCUSSION


Structure

Figures 1a,b shows the SEM top-view and cross-sectional images of the as-grown, bare InGaN NWs on a Si (111) substrate. The NWs have an average diameter of 40 nm, 600 nm length, and a flat top. After 40 s of Cu2O electrodeposition, which turns out to be the optimum Cu2O electrodeposition time, sparse, isolated Cu2O nanocrystals are visible in the top-view SEM image in Figure 1b. AFM images are shown in Supplementary Figure 2. The nanocrystals are positioned on the NWs and also in-between NWs with arbitrary orientations. The shape of the nanocrystals reflects the cubic crystal symmetry of Cu2O. The more connected appearance of the NWs in the cross-sectional image in Figure 1c indicates the deposition of Cu2O on the InGaN NW sidewalls. Formation of the pure Cu2O phase for the present electrodeposition condition is confirmed by the omega-two-theta XRD spectrum shown in Supplementary Figure 3A and by the Raman spectrum in Supplementary Figure 3B [23]. Only peaks from cubic Cu2O, InGaN, and Si, as labeled, are observed. From the XRD spectrum, the In content of the InGaN NWs of 28% is deduced [30]. However, XPS measurements (Figure 1e) that were taken some days after fabrication of the Cu2O layer revealed the presence of CuO. As XRD and Raman spectroscopy rather probe the bulk material, XPS is highly surface sensitive, indicating the self-limiting oxidation of Cu2O to CuO in air to form a thin surface layer of CuO [31]. This is further discussed in the section Stability on the stability of the InGaN/Cu2O heterostructure operated as photoanode.
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FIGURE 1. Top-view- and cross-sectional SEM images of the (a,b) bare InGaN nanowires (NWs) and (c,d) InGaN NWs after 40 s Cu2O electrodeposition. (e) X-ray photoelectron spectroscopy taken several days after Cu2O electrodeposition.


The element distributions are imaged by EDS mappings shown in Figure 2. The mappings are taken from the NW cross-sectional part shown in the SEM image in Figure 2a. Figure 2b displays the total EDS intensity. The individual mappings of In, Ga, N, Cu, O, and Si are shown in Figures 2c–h, respectively. The mappings of In, Ga, N, and Si show the uniform element distribution in the InGaN NWs on the Si substrate. The Cu and O element distributions reveal the deposition of Cu2O on the NW sidewalls, penetrating from the top to the bottom with decreasing EDS intensities.


[image: Figure 2]
FIGURE 2. (a) Cross-sectional SEM image and (b–h) energy dispersive X-ray spectroscopy (EDS) element mappings. (b) Total EDS intensity and (c–h) In, Ga, N, Cu, O, and Si element mappings.


The deposition of Cu2O on the InGaN NW sidewalls is directly resolved in the TEM image in Figure 3a, and the corresponding EDS element mappings of In, Ga, N, and Cu are shown in Figures 3b–f. Figure 3b gives the total EDS intensity and Figures 3c–f depict the individual In, Ga, N, and Cu element mappings. The element contrast for O, which is not shown, is very weak. Cu2O forms a rather uniform shell on the InGaN NW sidewalls. The Cu2O shell is composed of ultra-small nanocrystals, of ~5 nm in diameter, with random orientation, seen in the high-resolution TEM image in the inset of Figure 3a. The spaces between the NWs are not completely filled. The element distributions of In, Ga, and N follow the straight geometry of the InGaN NWs. The element distribution of Cu is more blurred and smeared out, as expected for the InGaN/Cu2O core-shell structure. The different Cu2O electrodeposition behavior on the InGaN NW sidewalls and NW tops is addressed in the following section.


[image: Figure 3]
FIGURE 3. (a) Cross-sectional TEM image and (b–f) EDS element mappings. (b) Total EDS intensity and (c–f) In, Ga, N, and Cu element mappings. The inset in (a) is a high-resolution TEM image of the Cu2O shell-layer.




Photoelectrochemical Properties

Figure 4A depicts the LSV curves for the InGaN/Cu2O core-shell NWs and for the bare InGaN NWs under chopped 1-sun (AM 1.5, 100 mW/cm2) illumination. The Cu2O electrodeposition time is 40 s. The LSV scan is taken from +1 V to 0 V vs. Ag/AgCl (1.6 V to 0.6 V vs. RHE) with a scan rate of 10 mV/s. In the presence of the Cu2O shell, the photocurrent density at positive voltage is enhanced by up to 700%. At negative voltage, no photoresponse is observed, as seen in the CV scan from +1 V to −1 V in Supplementary Figure 4A. This demonstrates the role of Cu2O in enhancing the OER when the InGaN/Cu2O core-shell NWs operate as photoanodes. The optimum Cu2O electrodeposition time of 40 s is provided from the plot of the photocurrent density vs. electrodeposition time, which is taken for an applied voltage of +0.6 V vs. Ag/AgCl (1.2 V vs. RHE), as shown in Figure 4B. When the Cu2O deposition time is increased much longer, the individual cubic Cu2O nanocrystals on top of the InGaN NWs, as shown in the SEM image in Figure 1c, increase in density and coalesce to form a compact layer. For such thick Cu2O layers, the usual behavior of Cu2O as a photocathode for the HER at negative voltage is recovered, as shown in the LSV and I–t curves in Supplementary Figures 4B–D. In this case, there is no photoresponse for positive voltage. This confirms that the thin Cu2O shell-layer is responsible for the enhanced photoanode performance, whereas the much thicker/larger cubic Cu2O nanocrystals act as photocathodes.


[image: Figure 4]
FIGURE 4. (A) Linear sweep voltammetry measurements of the InGaN/Cu2O core-shell NWs and the bare InGaN NWs under chopped illumination. (B) Photocurrent density at +0.6 V vs. Ag/AgCl (1.2 V vs. reversible hydrogen electrode [RHE]) as a function of the Cu2O electrodeposition time. (C) I–t measurements at +0.6 V vs. Ag/AgCl (1.2 V vs. RHE) of the InGaN/Cu2O core-shell NWs and the bare InGaN NWs under chopped illumination. (D) Scheme of the InGaN/Cu2O energy band diagram and photogenerated carrier transport for increasing Cu2O layer thickness. Int. indicates the InGaN/Cu2O interface and Surf. indicates the surface of Cu2O shell-layers with different thicknesses. The thin CuO surface layer is also shown.


A first indication of the reproducibility and stability of the InGaN/Cu2O core-shell NW photoanode is given by the I–t curve taken at +0.6 V vs. Ag/AgCl (1.2 V vs. RHE) under chopped 1-sun illumination in Figure 4C with the curve for the bare InGaN NWs for comparison. The curves reproduce a 700% increase of the photocurrent density in the presence of the Cu2O shell-layer, in agreement with the LSV measurements, and a good photo-switching behavior is observed.

The increased photocurrent density is attributed to the p–n junction with related upward energy band bending, formed at the InGaN/Cu2O interface for the m-plane NW sidewalls. The upward energy band bending enhances the separation of the photogenerated carriers and the transport of photogenerated holes toward the surface. This is maximized for sufficiently thin and fully depleted Cu2O layers on the NW sidewalls when the upward energy band bending continues to the surface. This is guaranteed for up to a Cu2O thickness where the energy band positions at the surface, taking into account only the ionized acceptor density, reach the values given by the downward energy band bending for bulk Cu2O of typically 0.4 V, which are, in turn, given by the surface Fermi-level pinning. This accounts for the increase of the photocurrent at positive voltage with increasing Cu2O shell-layer thickness, passing up to a maximum and finally reverse with photoresponse at negative voltage for thick Cu2O layers on the InGaN NW tops. The sparse cubic Cu2O nanocrystals formed together with the Cu2O shell-layers do not affect the photoanode behavior. Their size rather indicates near-surface downward energy band bending without photoresponse for positive voltage. A scheme of the described InGaN/Cu2O energy band structure and photogenerated carrier transport for increasing Cu2O shell-layer thickness is drawn in Figure 4D. The thin CuO surface layer [32] formed due to the self-limiting oxidation of Cu2O, which is discussed in more detail below, is also indicated.

The maximum photocurrent density for a Cu2O shell-layer thickness of several 10 nm agrees with typical ionized acceptor densities for Cu2O of 1015–1016 cm−3 and the related width of the depletion zone [33, 34]. However, the decrease of the photocurrent density might set in before the maximum width of the Cu2O depletion zone is utilized because of filling up of the spaces between the InGaN NWs with Cu2O, whereas the light absorption in the Cu2O layer might contribute to the increase of the photocurrent density with Cu2O layer thickness. Unfortunately, we have no direct experimental access to the electrical properties of the thin Cu2O shell-layers electrodeposited on the InGaN NW sidewalls.

Apart from that, in contrast to the rectifying p–n junction for Cu2O on the m-plane InGaN NW sidewalls, leading to the upward energy band bending, the electrical contact is more ohmic for Cu2O on the c-plane NW tops [23], not supporting the upward energy band bending. This has been attributed to the varying characteristics of the surface states for the m-plane and the c-plane of In-rich InGaN: Negatively charged surface states in the bandgap for the m-plane vs. positively charged surface states in the conduction band for the c-plane of In-rich InGaN, leading to upward/downward near-surface energy band bending for the m-plane/c-plane for In-rich InGaN and, accordingly, to near-surface electron depletion for the m-plane/near-surface electron accumulation for the c-plane of In-rich InGaN.

The different characteristics of the surface states and resulting InGaN/Cu2O electrical contact for the m-plane and the c-plane of In-rich InGaN may also explain the different electrodeposition behavior of Cu2O on the m-plane NW sidewalls and c-plane NW tops. The formation of the rectifying p–n junction for Cu2O electrodeposition on the NW sidewalls, which is forward biased under the electrodeposition conditions, might lead to a more controlled, charge-transfer limited, quasi-two-dimensional growth with the nucleation and fast coalescence of ultra-small and dense Cu2O nanocrystals. The more ohmic resistance for the NW tops might favor mass-transport limited growth, leading to the larger, randomly oriented three-dimensional Cu2O nanocrystals with lower density, as usually observed on conductive substrates [35].

The PL spectra taken at room temperature from the InGaN/Cu2O core-shell NWs and the bare InGaN NWs are shown in Figure 5A. The PL intensity for the InGaN/Cu2O core-shell NWs is significantly reduced. This is the PL from InGaN. No PL is observed from Cu2O. The PL process is fairly complex, involving light absorption, photogenerated carrier relaxation and diffusion, and radiative electron–hole recombination. However, the reduced PL intensity for InGaN and the absence of PL from Cu2O strongly support the enhanced photogenerated carrier separation and transfer in the presence of the Cu2O shell-layer. The radiative electron–hole recombination is suppressed, overcompensating the absorption, which might be enhanced by the Cu2O shell-layer.
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FIGURE 5. (A) Photoluminescence (PL) spectra taken at room temperature of the InGaN/Cu2O core-shell NWs and the bare InGaN NWs. (B) Electrochemical impedance spectroscopy (EIS) taken at +0.6 V vs. Ag/AgCl (1.2 V vs. RHE) in the dark and under illumination of the InGaN/Cu2O core-shell NWs and the bare InGaN NWs. (C) LSV- and (D) I–t measurements at +0.8 V vs. Ag/AgCl (1.4 V vs. RHE) of the InGaN/Cu2O/NiOOH complete NW photoanode and the InGaN/Cu2O core-shell NWs under chopped illumination.


With regard to all the steps in photoanode operation, i.e., absorption, photocarrier separation and transfer, and surface reaction, however, the Cu2O surface is not anticipated to exhibit particular surface catalytic activity for the OER reaction. This is seen in the EIS measurements shown in Figure 5B of the InGaN/Cu2O core-shell NWs and the bare InGaN NWs taken at an applied voltage of +0.6 V in the dark and under illumination. The half-circle in the Nyquist plots, whose diameter gives the charge transfer resistance, Rct, is large for the InGaN/Cu2O core-shell NWs and for the bare InGaN NWs, indicating an overall large Rct. To be precise, Rct includes the charge transfer through the surface in the dark plus the charge transfer toward the surface inside the photoanode under illumination. Therefore, the large Rct for the InGaN/Cu2O core-shell NWs, which is also under illumination, indicates a dominating slow charge transfer through the surface, resulting in a slow surface reaction. Therefore, to demonstrate competitive photocurrent densities, the photoanode fabrication process is completed by the electrodeposition of NiOOH co-catalyst comprising only earth-abundant elements. As shown in Figures 5C,D, the LSV and I–t curves (at +0.8 V, where the dark current continues to be low) of the InGaN/Cu2O/NiOOH complete NW photoanode and the InGaN/Cu2O core-shell NW photoanode demonstrate that photocurrent densities, reaching the mA/cm2 regime, are achieved.



Stability

Figure 6 shows the CV curves recorded from −1 V to +1 V vs. Ag/AgCl and back in the dark and under 1-sun illumination with a scan rate of 100 mV/s for the bare InGaN NWs in Figure 6A, the InGaN/Cu2O core-shell NWs in Figure 6B, and the InGaN/Cu2O/NiOOH complete NW photoanode in Figure 6C. The bare InGaN NWs show solely capacitative behavior without reaction peaks, whereas the InGaN/Cu2O core-shell NWs exhibit distinct reduction and oxidation peaks at −0.46 V and +0.3 V, respectively. These are again absent for the InGaN/Cu2O/NiOOH complete NW photoanode. This indicates excellent chemical stability of the bare InGaN NWs, which has been widely reported in previous studies, whereas the InGaN/Cu2O core-shell NWs exhibit reduction and oxidation reactions. This is well-known and has been deeply investigated for the reduction and oxidation of thick Cu2O layers used as photocathodes [25]. The NiOOH co-catalyst stabilizes the Cu2O shell-layer by promoting the water splitting rather than the reduction and oxidation of Cu2O.
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FIGURE 6. Cyclic voltammetry (CV) curves taken in the dark and under illumination of the (A) bare InGaN NWs, (B) InGaN/Cu2O core-shell NWs, (C) InGaN/Cu2O/NiOOH complete photoanode, and (D) InGaN/Cu2O core-shell NWs. (E) XPS spectra taken from the InGaN/Cu2O core-shell NWs before and after the water splitting experiment. (F) I–t measurement at +0.6 V vs. Ag/AgCl (1.2 V vs. RHE) for the InGaN/Cu2O core-shell NWs under chopped illumination.


Importantly, as we show in this study, the InGaN/Cu2O core-shell NWs without NiOOH are stable when operated solely at positive voltage as photoanode. They are self-stabilized by a thin CuO surface layer. The chain of arguments goes as follows: (i) The oxidation peak at positive voltage occurs only after prior scanning over the reduction peak at negative voltage, as is done for the CV measurements (Figure 6B). When scanning only from 0 V to +1 V and back, while avoiding the reduction peak, no reaction peaks are visible in the CV curves (Figure 6D). Also, when scanning from +1 V to 0 V or to −1 V, no oxidation peaks were visible in the LSV measurements in Figure 4A and Supplementary Figure 4A. (ii) XPS shows that the oxidation peak originates from the oxidation of Cu2O to CuO. In the XPS taken after scanning at positive voltages, as shown in Figure 6E, the CuO-related features are enhanced compared to those in the XPS taken before, as shown in Figure 1e. We do not exclude that the oxidation of Cu contributes to the oxidation peak after prior reduction of Cu2O [36]. However, this is irrelevant for the photoanode operation as no Cu-related features are observed in the XPS after scanning at positive voltage. (iii) In the I–t measurement taken over an extended duration of time at +0.6 V under chopped illumination, as shown in Figure 6F, an initial dark current is observed. This dark current appears when the measurement is started after prior to reduction at negative voltage. The dark current vanishes within 100 s. The photocurrent appears unaffected over the whole measurement. The total current and the dark current initially decrease with the same rate and finally, the total current equals the photocurrent and becomes very stable. Altogether, from observations (i)–(iii), there is oxidation of Cu2O in air and at positive voltage, forming a thin surface layer of CuO, as already discussed in the context of the XRD, Raman, and XPS measurements. The oxidation quickly saturates such that the Cu2O layer becomes self-stabilized by the thin CuO surface layer. Photo-oxidation is not involved in CuO formation as only the dark current changes but the photocurrent does not. The formation of a nanoscale thin, self-limiting surface oxide is all-too-common for materials which can undergo oxidation, such as those observed for the bare InGaN photoanode and Si. The self-limiting thickness is expected, considering that Cu2O is the most stable Cu oxide. In TEM, the presence of the CuO layer is not seen. Importantly, the thin CuO surface layer does not significantly affect the photocurrent, although it imposes a small energy barrier for hole transport, as indicated in Figure 4D. Hole transport might be easy because of thermionic emission and tunneling or because the thin CuO layer is leaky for the transition of holes. Self-stabilized by the thin CuO surface layer, Supplementary Figure 5 shows that the InGaN/Cu2O photoanode only exhibits a very small photocurrent decrease after many hours of operation.




CONCLUSIONS

Large enhancement of the photocurrent is achieved for a novel n-InGaN/p-Cu2O NW photoanode compared to a bare InGaN NW photoanode for the OER in solar water splitting. The electrodeposited Cu2O layer forms a thin shell around the InGaN NW cores. The enhancement of the photocurrent is due to maximized photogenerated carrier separation and hole transfer to the surface in the fully depleted Cu2O shell-layer of the p–n Cu2O/InGaN heterojunction. Thick Cu2O layers on top of the InGaN NWs act as usual photocathodes for the HER. The functional InGaN/Cu2O heterostructure core-shell NW photoanode is chemically self-stabilized at positive applied voltage by a thin CuO surface layer. The photocurrent reaches the competitive mA/cm2 range after final deposition of the earth-abundant NiOOH co-catalyst, establishing the InGaN/Cu2O/NiOOH complete NW photoanode. Moreover, this is an important proof of the successful formation of a rectifying p–n junction at the InGaN/Cu2O heterointerface with the Cu2O layer acting as an efficient hole collection and transport layer on In-rich InGaN, solving the p-type doping problem with far-reaching impact for devices.
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The Seebeck effect is investigated within the framework of a non-equilibrium Green's function technique in a quantum dot (QD) sandwiched between the left and right leads held at different temperatures. We consider that the QD is shelled by a photon field and is side-coupled to a topological superconductor nanowire hosting Majorana zero modes (MZMs). It is found that the thermopower (Seebeck coefficient) can be obviously enhanced by weak QD-MZMs coupling at low temperatures, in addition to its sign reversion that may be used for detecting the existence of MZMs. In the presence of a photon field, the thermopower can be further enhanced due to decreased electrical conductance when electrons' transport probability through each channel is reduced by photon-assisted tunneling (PAT). The hybridization between the MZMs will also induce sign reversion of the thermopower in the absence of a photon field, whereas it has less impact on the thermopower when the QD is shelled by the photon field.

Keywords: Seebeck effect, quantum dot, Majorana zero modes, photon, nanowire


INTRODUCTION

Majorana zero modes (MZMs) [1, 2] are zero-energy excitations that have been extensively studied in the condensed matter physics community for much of the last decade. They are massless and of their own antiparticles, which are analogous to the electron-hole pair in superconductors. A pair of spatially separated MZMs obeys non-Abelian statistics and is robust against local sources of decoherence. This enables them to be used as quantum bits for fault-tolerant topological quantum computation [2–4]. The MZMs also play important roles in some other research subjects, such as spintronics [5] and thermoelectricity [6, 7].

Due to the similarities between MZMs and electron-hole pairs, researchers have been naturally trying to prepare MZMs in superconductors. Indeed, Kitaev has theoretically demonstrated that MZMs can be formed at the two ends of a p-wave superconductor chain [8]. However, it can hardly be realized in experiments as the p-wave superconductors are rare in nature. In 2008, Fu and Kane proved the theory that it is possible to induce MZMs in vortices by the means of the proximity effect between an s-wave superconductor and the surface states of a strong topological insulator. It was subsequently demonstrated in experiments and has led to numerous studies [9, 10]. Along with this kind of scheme, a variety of other platforms have been proposed as hosts of MZMs and intensively studied, including heavy metal surfaces [11], semiconductor nanowires [12, 13], magnetic atom chains [14], planar Josephson junctions in 2D electron gas [15] and iron superconductors [16, 17]. Owing to the unique properties of MZMs as mentioned above, the detection of it is very challenging. In early years, one of the signatures most likely to be induced by MZMs is the zero-bias anomaly (ZBA) of conductance in semiconductor superconductor nanowires [18–20]. However, ZBA cannot be solely attributed to the existence of MZMs in that an ordinary localized state can also give rise to this phenomenon, such as the Kondo effect [21]. In 2011, Liu and Baranger proposed to detect the MZMs by measuring the electrical conductance through a quantum dot (QD) attached to the edge of a topological nanowire [22]. In such a scheme, the MZMs at one end of the nanowire leak into the QD [22, 23] and reduce the zero-bias conductance through the dot to be half of its quantum value, i.e., G(0) = e2/2h. Recently, hybridized topological nanowire-QD junctions have been successfully realized in experiments [24, 25], providing an excellent platform for the preparation, manipulation, and detection of MZMs. The introduction of QD offers a non-invasive measurement technique for the MZMs as there is no direct charge transfer between them and the QD. In addition, the origin of the ZBA in the conductance can also be excluded from the Kondo effect, even if the experiment is performed at temperatures below the Kondo temperature [26, 27]. Along with the preparation and detection of MZMs in tunneling experiments, thermoelectric effect in QD mediated by MZMs has also been studied in recent years. The previous research subject of thermoelectric effect concerned energy conversion between electrical and thermal energies, which has reacquired recognitions because of the significantly enhanced thermoelectric efficiency and thermopower [28]. In thermoelectricity, the most common studied issue is the Seebeck effect, which refers to the generation of an electrical voltage ΔV in response to a temperature difference ΔT applied across the two ends of the system. The thermopower (Seebeck coefficient) is then defined as S = −ΔV/ΔT which is directly measured in experiments. It has been proved that thermopower in hybridized QD-superconductor nanowire hosting MZMs satisfies the Mott formula, and can be used for inferring the temperature of the Majorana edge state by measuring the differential conductance [29]. The enhancement and sign change of the thermopower in such a system have also been reported [30–34]. The optical techniques are widely used in manipulating particles' transportation in nanostructures, and were also proved to be promising in the study of MZMs [35, 36]. In [37], Chen and Zhu found that in the presence of the QD-MZMs interaction, if a strong pump laser is applied at the QD, the single peak in the probe absorption spectrum will be split into two. In [38, 39], as the photon-assisted tunneling (PAT) occurs, the PAT peaks are developed and the original zero-bias peak is suppressed to zero due to the MZMs, which turn to non-zero mode by emitting (absorbing) photons. Based on the features of MZMs in the PAT process, it is worthy to investigate the affection of MZMs on the thermoelectricity by the optical techniques.

In the present paper, we study the Seebeck effect in a hybridized QD-topological superconductor nanowire with a photon field shelled on the QD (see Figure 1). The dot is connected to the left and right leads at different temperatures. We calculate the electrical conductance and thermopower through the dot interacting with one mode of the MZMs prepared at the ends of the topological superconductor nanowire. Our numerical results show that the magnitude of the thermopower can be obviously enhanced by the combined effect of the MZMs and PAT. When the two modes of the MZMs are strongly overlapped with each other, the thermopower is less influenced by the MZMs in the presence of the photon field because the photon energy absorbed by one mode of the MZMs is subsequently emitted by the other one. We also find a sign change of the thermopower induced by changing either dot-MZMs coupling or temperature.


[image: Figure 1]
FIGURE 1. Schematic plot of the scheme composing a quantum dot connected to the left and right leads at different temperatures of TL and TR, respectively. The dot is shelled by a microwave field with frequency ωp and intensity Δd, and is side-coupled to a topological superconductor nanowire hosting a pair of MZMs (red circles). Here we consider that only one mode of the MZMs denoted by the operator of is coupled to the dot with strength λ. The hybridization amplitude between the MZMs is δM.




MODEL AND METHODS

The Hamiltonian of the system illustrated in Figure 1 is written as the following [22, 40]

[image: image]

in which the first term describes the left and right (α = L, R) leads at temperatures of TL and TR, respectively. The annihilation (creation) operator [image: image] is for the electrons on the leads with wave-vector k and energy εkα. The second term is for the electrons on the QD with annihilation (creation) operator d(d+), time-varying dot level εd(t) = εd + Δd cos(ωt) [40, 41], in which εd is the dot level in the absence of the photon field, Δd the field intensity applied on the dot, and ωp the photon frequency. The third term represents the tunneling between the QD and the leads, with tunnel amplitude Vα. The last two terms in Equation (1) are for the MZMs and their interaction to the QD. Following previous work [22], we transform the Majorana fermions into the regular ones by [image: image], [image: image] and then the Hamiltonian is rewritten as

[image: image]

The electrical and heat currents from lead-α to the dot are individually calculated from the time rate of the electrons' average occupation number and the associated energy [41], i.e., Jα = −ed〈Nα〉/dt and [image: image], in which [image: image] is the electrons' occupation number and μα the chemical potential in the lead. In the present paper, we focus the linear response regime with infinitesimal bias voltage ΔV and temperature difference ΔT between the two leads. The total electrical and heat currents through the dot are then given by [30, 31, 42]

[image: image]
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where the integral Ln (n = 0, 1, 2) is defined by [31, 42]

[image: image]

in which the Fermi distribution function is [image: image], with the chemical potential μ = μL = μR in the linear response regime. By setting J = 0 and Q = 0, the electrical conductance and thermopower are given by [image: image] and S = −L1/(eTL0), respectively. The remaining task is to calculate the transmission coefficient T(ε) in Equation (5). In the framework of non-equilibrium Green's function technique, its expression is given by [39–41],

[image: image]

in which [image: image] is the line-width function with ρα being the local density of states in lead-α. In the above equation, Jk is the k-th order Bessel function with argument Δd/ωp, and [image: image] the retarded Green's function given by [39–41]

[image: image]

where the dot free Green's function in the absence of coupling to the leads and MZMs is [image: image], and the associated hole free Green's function [image: image]. The self-energies in Equation (7) are individually given by[image: image],[image: image], and [image: image]. One can check that in the absence of the photon field, i.e., Δd = 0, the Green's function [image: image] reduces to that in [22].



RESULTS AND DISCUSSION

In the following numerical calculations, the photon frequency ωp is set as the energy unit, and the equilibrium chemical potential in the leads is fixed at μL = μR = μ = 0 as the energy zero point. Throughout the paper we fix the value of line-width functions ΓL = ΓR = 0.05ωp. Figure 2 shows the conductance and thermopower as functions of the dot level without the photon field shelled on the dot (Δd = 0). For λ = 0 as indicated by the black solid in Figure 2A, the conductance G develops a resonant peak when the dot level εd is aligned to the chemical potential μ, where the maximum of the conductance reaches its quantum value G(μ = 0) = e2/h. Turning on the coupling between the dot and MZMs (λ ≠ 0), the value of conductance around the leads' chemical potentials μ reduces to half of its quantum value, i.e., G = e2/2h due to the half fermionic property of MZMs. This is regarded as a signature of the existence of MZMs in QD [22, 23]. Note that at ultra-low temperature, the half fermionic property of MZMs (G = e2/2h) is independent of the dot's level [31]. At a rather high temperature, however, we find that only the conductance near the chemical potential is half of its quantum value, as shown in Figure 2A. This is because the interaction between the MZMs and electrons on the dot is weakened by increased thermal motion of the electrons.


[image: Figure 2]
FIGURE 2. Conductance and thermopower as functions of the dot level for different values of dot-MZMs coupling strength λ in (A), (B) with a fixed value of δM = 0, and for different δM in (C), (D) with fixed λ = 0.15ωp. The other parameters are Te = 0.0025ωp, Δd = 0.


The most prominent change of the thermopower is the sign reversion induced by dot-MZMs coupling, as shown in Figure 2B. For λ = 0 as indicated by the black solid line, the thermopower is positive (negative) when the dot level is below (above) the chemical potential μ = 0. The reason is that in the presence of thermal gradient ΔT between the two leads that induces the thermoelectric effect, there are more electrons flowing from the left hotter lead to the right cooler one as εd > μ. This will induce a positive voltage drop ΔV and correspondingly a negative thermopower S = −ΔV/ΔT [42]. When εd = μ, tunneling of electrons through the dot are compensated by that of holes and thus the thermopower is zero. In other words, there are the same amounts of electrons flowing in opposite directions and then the voltage drop is zero accordingly [42]. Just in the same way, one can explain the origin of the positive thermopower when εd < μ. The dependence of thermopower on the dot-MZMs coupling λ can be derived by Sommerfeld expansion of the Fermi function f(ε) up to second order in temperature, and its analytical expression when the dot level is near the chemical potential is [31, 34]

[image: image]

Note that this result applies only to the case of finite dot-MZMs coupling, and clearly shows the sign reversion of the thermopower as compared to the case of zero λ. From Equation (8), one can also expect the magnitude of the thermopower to be enhanced by a small λ, as has been shown in previous works [6, 33].

The two modes of the MZMs at opposite ends of the topological nanowire interact with each other with strength of [image: image], where L is the length of the topological superconductor wire and ζ is the superconducting coherence length [29, 30]. Figure 2C shows that when the hybridization strength between the MZMs is strong enough δM > 0.01ωq, the property of G(μ) = e2/2h is destroyed. For a sufficiently large value of δM ≥ 0.1ωq, the conductance reduces to the result of resonant level model G(μ) = e2/h because the transportation is dominated by regular fermions as demonstrated in [22, 31]. As for the thermopower with finite δM, its analytical expression when the dot level is near the chemical potential can also be obtained by the Sommerfeld expansion as [31]

[image: image]

By comparing Equations (8) and (9), one finds that the hybridization between the MZMs will also induce a sign reversion of the thermopower as seen from Figure 2D. The peaks at the two sides of the zero point become sharper and lower with increasing δM due to the increased level renormalization by coupling between the MZMs [22, 31, 33].

Figure 3 presents the conductance and thermopower varying as functions of the system equilibrium temperature Te for different values of δM and a fixed value of λ = 0.05. The dot level is fixed at εd = −0.2ωp where the thermopower develops a peak. With increasing temperature, the conductance for δM = 0 in Figure 3A is essentially decreased and finally reaches a constant value at high temperature (solid line). The absolute value of the thermopower in Figure 3B is first enhanced, reaching a maximum, and then decreases with increasing temperature. With further increased temperature, the thermopower experiences a sign reversion and then increases. The sign change of the thermopower by temperature in the absence of dot-MZMs coupling has been previously found to be induced by the Kondo effect in single QD [43], and by interdot Coulomb interaction in double-QD [44]. In the presence of δM, both the conductance and thermopower depend on the temperature in a non-monotonous way. The sign reversion of the thermopower by δM can be clearly seen in Figure 3B, which agrees with the results in [31, 33].


[image: Figure 3]
FIGURE 3. (A) Conductance and (B) thermopower as functions of the temperature Te for εd = −0.2ωp and different values of the overlap amplitude between the MZMs δM. Other parameters are λ = 0.05ωp and Δd = 0.


We now study the case of finite photon field shelled on the dot, i.e., Δd ≠ 0. As has been demonstrated in previous works, the conductance develops a series of photon-assisted side peaks at εd = μ + nωp with n = 0, ±1, ±2⋯, due to the additional transport channels induced by photon absorption and emission processes [39–41]. Since now electrons can transport through the dot via more states, the tunneling probability through each channel is weakened and then the conductance's peak height is lowered, as shown by the solid line in Figure 4A. The thermopower in Figure 4B is zero at these photon-induced additional side bands εd = μ + nωp (black solid line) correspondingly. The peaks' height of the conductance is further lowered by the dot-MZMs coupling as indicated by the dashed and dash-dotted lines in Figure 4A, which is consistent with the results in Figure 2A. For λ = 0.15ωp, the conductance is negligibly small. As a result of it, the thermopower in Figure 4B is significantly enhanced in addition to the sign reversion. This can be understood by the definition of the thermopower of S = −eL1/(TG). We find in Figure 4C that the magnitude of the conductance is slightly increased by the overlap between the MZMs as shown in Figure 2C. Such a change is amplified by the thermopower in Figure 4D, in which it shows the typical sawtooth configuration with weakened strength. By comparing Figures 4B,D, one can find that the sign reversion of the thermopower by δM is retained in the presence of the photon field.
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FIGURE 4. Conductance and thermopower in the presence of the microwave field with Δd = ωp as functions of the dot level for different values of dot-MZMs coupling strength λ in (A), (B) with δM = 0, and for different δM in (C), (D) with λ = 0.05ωp. The equilibrium temperature is chosen as Te = 0.0025ωp.


Finally, in Figure 5 we study the properties of thermopower varying as a function of the temperature. For zero δM and λ as indicated by the black solid line in Figure 5A, the magnitude of the thermopower is first increased with increasing temperature, reaching a maximum at about kBTe = 0.05ωp and then decreases to a constant value. As compared to Figure 3B, one can see that the sign change of the thermopower induced by the varying temperature is eliminated in the presence of photon field. For non-zero λ, however, the thermopower changes sign by the varying of both temperature and λ, as shown in Figure 5A. At a lower temperature, the thermopower develops a peak, whose sign depends on the magnitude of λ. To show this more clearly, we present in Figure 5B the blow-up of the case of kBTe < 0.01ωp. For λ < 0.05ωp represented by the red-dashed line, the thermopower is positive at kBTe ~ 0, whereas those for λ < 0.1ωp and λ < 0.15ωp are negative. In these three cases, the thermopower develops positive peaks at higher temperatures and then becomes negative with further increasing temperature. At sufficiently high temperature, the thermopower reaches a positive value regardless of the existence of MZMs. Behaviors of the thermopower in Figure 5C essentially resemble those in Figure 3B in which Δd = 0. The reason can be attributed to the fact that when the MZMs are overlapped [39], the photon energy absorbed by one mode of the MZMs is subsequently emitted by the other mode, and then the electron transport through the dot is less influenced.
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FIGURE 5. Thermopower varying with the equilibrium temperature for εd = −0.2ωp and different values of λ in (A), and varying δM in (C). (B) is the blow-up of (A) at lower temperatures.




CONCLUSIONS

In conclusion, we have studied the properties of electrical conductance and thermopower in a quantum dot coupled to MZMs under the irradiation of a photon field. Our numerical results show that the conductance is fixed at half of its quantum value as the QD-MZMs coupling increases. The thermopower can be obviously enhanced by the combined effect of the MZMs and PAT. This mainly occurs in a low temperature regime, under which the MZMs are prepared at the two ends of a topological superconductor nanowire. When the two modes of the MZMs are strongly overlapped with each other, the thermopower is less influenced by the MZMs in the presence of the photon field because the photon energy absorbed by one mode of the MZMs is subsequently emitted by the other one. We also find a sign change of the thermopower induced by changing either dot-MZMs coupling or temperature.
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The Li-rich Mn-based oxide Li1.2Mn0.54Ni0.13Co0.13O2 has been extensively studied as a cathode material of the battery module for new optoelectronic devices. To improve and enhance the electrochemical performance, sodium doping is one of the effective approaches. According to the density functional theory of first-principles, the band gap, partial density of states, lithiation formation energy, electron density difference, and potential energy of electrons for Li1.2−xNaxMn0.54Ni0.13Co0.13O2 were simulated with Materials Studio, Nanodcal, and Matlab. When the sodium doping amount x = 0.10 mol, simulations show that Li1.2−xNaxMn0.54Ni0.13Co0.13O2 has a better conductivity. The potential maps of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 obtained in Matlab demonstrate that the potential barrier is lower and the rate capability is enhanced after sodium doping. Results of analyses and calculations agree with the experimental result of Chaofan Yang’s group. This theoretical method could be a great avenue for the investigation of the battery application of new optoelectronic devices. Also, our findings could give some theoretical guidance for the subsequent electrochemical performance study on doping in the field of lithium-ion batteries.
Keywords: density functional theory, electrochemical performance, Li12-xNaxMn054Ni013Co013O2, optoelectronic device, cathode material
INTRODUCTION
The commercial lithium-ion batteries (LIBs) have many advantages, such as their energy saving, high energy density, good cycle performance, less pollution, no memory characteristics, and rechargeable property [1]. With the rapid development of new optoelectronic devices in recent decades, LIBs have been widely applied as the stationary energy storage of the electro-optical conversion devices. Nowadays, the actual specific capacity of conventional cathode materials, such as LiCoO2, LiMnO2, spinel LiMn2O4, ternary lithium nickel cobalt aluminum oxide, and olivine LiFePO4, is less than 160 mAh/g, but that of the anode is much higher. Commercialized cathode materials are not adequate to match the next-generation power battery. In addition, the percentage of the cathode’s cost in the whole battery’s cost is very high. To meet the needs of people, the low-cost cathode materials with higher energy density and discharge/charge rate capability are urgent to be explored.
The layered Li-rich Mn-based Ni–Co–Mn (NCM) ternary cathode material xLi2MnO3·(1−x)LiMO2 (0 < x < 1, M = Ni, Co, Mn, Ni1/2Mn1/2, Ni1/3Mn1/3Co1/3) has attracted extensive attention owing to its lower price and good performance. Its space group is R[image: image], and its layered structure is α-NaFeO2–type like LiCoO2; their synthesis is always thought as formed by two phases: monoclinic Li2MnO3-layered and rhombohedral LiMO2-layered moieties [2]. However, their complex crystal structure has not yet been fully realized. It is known that Co is poisonous and expensive. In Li-rich Mn-based NCM, the percentage of Co is far lower than that of Mn; thus, with the advantages of low cost and high safety, this material is superior to the commonly used cathode material. Meanwhile, for the layered structural stability influenced by the Li2MnO3 component, when its first charging voltage is higher than 4.5 V (vs Li+/Li), Li and O are removed together and its theoretical capacity is up to 377 mAh/g. Therefore, the layered Li-rich Mn-based NCM is a hot candidate for the new LIBs.
Recently, the Li-rich Mn-based oxide Li1.2Mn0.50Ni0.13Co0.13O2 (or Li[Li0.2Mn0.54Ni0.13Co0.13]O2) has aroused increasing attraction [3, 4], and it is considered one of the most promising layered cathode materials for the new battery of optoelectronic devices and LIBs. Its discharge-specific capacity is higher than 250 mAh/g in the voltage range from 2.0 to 4.8 V at 0.1 C. Its precursors are made by sol–gel, solid phase, coprecipitation, combustion, spray pyrolysis, and molten salt synthesis [5]. However, the application of this material has trapped seriously in higher-power systems due to high first irreversible specific capacity, poor cycling stability, and low rate capability [6]. To improve the electrochemical performance of Li1.2Mn0.54Ni0.13Co0.13O2, many effective approaches, such as surface modification [7, 8] and doping [9, 10], had been employed experimentally. The cycling stability and the rate capacity can be dramatically improved by coating with the La–Co–O compound [7]. Since Cs doping can alleviate structural transition from layer to spinel, the Cs-doped Li1.2Mn0.54Ni0.13Co0.13O2 has a better rate capability, a higher initial Coulombic efficiency, and a restrained discharge voltage [10]. Yb doping [11], Na+ and F− co-doping [12], and Mg2+ and PO43− dual doping [13] were taken to strengthen the electrochemical performance of Li1.2Mn0.54Ni0.13Co0.13O2. The K-doped Li1.2Mn0.52Ni0.2Co0.08O2 has a higher Coulombic efficiency, a larger reversible discharging capacity, and a more well-defined layered structure, which are mainly ascribable to the accommodation of bigger metal ions K+ enlarging Li layers to facilitate the diffusion of Li+ and stabilize the structure [14]. Sodium doping in Li1.2Mn0.54Co0.13Ni0.13O2 had been extensively experimented by Chaofan Yang’s group [15]; their results showed that Li1.2−xNaxMn0.54Ni0.13Co0.13O2 (or Li1.0-xNax-[Li0.2Mn0.54Ni0.13Co0.13]O2) has an excellent electrochemical performance.
In parallel with these experimental efforts, the density functional theory (DFT) based on first-principles [16–19] is applied to investigate the physical and chemical mechanics of Li-ion binding and diffusion in the crystal lattice. The results of simulations and calculations can give some theoretical study directions about the relevant experiments, shorten greatly the entire period of experiments or investigations, and reduce the experimental cost [18]. Herein, in this work, Li1.2−xNaxMn0.54Ni0.13Co0.13O2 was studied theoretically with DFT by Materials Studio, Nanodcal, and Matlab. The results exhibited that the electrochemical performance of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 is affected by the amount of sodium doping, and the best sodium doping in Li1.2Mn0.54Ni0.13Co0.13O2, obtained by calculations, agreed with that of experiments [15].
PRINCIPLE
Density Functional Theory
DFT originates from the uniform electronic gas model, which is called the Thomas–Fermi model [16, 20]. On the assumption of no interaction between electrons, the Schrödinger equation of the electron’s motion is the wave equation shown in the following:
[image: image]
Based on the distribution of free electrons’ energy levels at absolute zero, the electron density ρ is shown in the following equation:
[image: image]
Here, EF is the Fermi energy level, and the kinetic energy Te of a single electron is shown in the following equation:
[image: image]
And the system’s kinetic energy density is shown in the following equation:
[image: image]
Considering the external field u(r) of the classical Coulombic interaction between nuclei and electrons, the total energy of the electron system can be obtained as shown in the following equation:
[image: image]
The above equation shows the electronic systemic total energy is affected only by the electron density function r(r); hence, this theory of Thomas–Fermi model is called DFT. But this model could not be used directly. Then, Hohenberg and Kohn proposed the more exact density functional method (HK theorems) [17, 21] considering the nonrelativistic, adiabatic, and single-electron approximations. In fact, the theoretical basis of DFT is HK theorems including the first theory and the second theory. According to HK theorems, when the particles’ number is constant, the ground state of particles can be expressed by a variational function of energy function on the number density function of particles ρ(r), and the total energy Ev[ρ(r)] relevant to external potential is shown in the following equation:
[image: image]
where the functional [image: image], which is independent of the external field, Vne[ρ(r)] is the attraction potential between nuclei, T[ρ(r)] is the kinetic energy of non-interacting particle models, [image: image] is the Coulombic repulsion, and Exc[ρ(r)] is the exchange–correlation energy functional.
However, ρ(r), T [ρ(r)], and Exc [ρ(r)] had not been expressed in HK theorems.
Kohn–Sham Equation and Exchange–Correlation Functional
From the Kohn–Sham equation [22], ρ(r) and T [ρ(r)] can be solved as shown in the following Hamiltonian:
[image: image]
where[image: image], Vcoul[ρ(r)] is the Coulombic potential between electrons, and Vxc[ρ(r)] is the exchange–correlation potential.
Exc[ρ(r)] is generally solved by the local density approximation (LDA) and the generalized gradients approximation (GGA) [23]. When the system’s electron density in the space is not changed much, LDA is used to give more accurate results. Considering the uniformity of the electron density, GGA can get better energy features and more rigorous results than LDA. Now, GGA is one of the important thermotical methods employed by the first-principles and relevant researches of systemic properties. Under GGA, there are many kinds of exchange–correlation functionals, such as PW91 (Perdew–Wang) [24] and PBE (Perdew–Burke–Ernzerhof) [25]. With the development of computing power, theoretical investigation based on DFT is more and more important for the performance study of materials.
METHOD AND MODEL
Using the PW91 method with the PBE exchange–correlation functional and GGA, the electronic conductivity of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 was implemented by CAmbridge Serial Total Energy Package (CASTEP) of Materials Studio 8.0, which is the quantum mechanical procedure. The plane wave pseudopotential method was used in CASTEP. The Coulombic attraction potential, between the inner layer electrons around the nucleus and those of the outer layer [26], was described by the ultrasoft pseudopotential. A plane wave cutoff was set at 440 eV. To relax all structures [27], a 4 × 4 × 1 mesh of k-points in the Monkhorst–Pack scheme was taken. The self-consistency energy tolerance was 1 × 10−6 eV. To obtain the local stable structure of the material, the structure geometry should be optimized; the maximum stress tolerance, the maximum displacement tolerance, and the average force on every atom were the same as those in our previous work [19]. And DFT calculations had been carried out with the virtual mixed atom method.
The Li1.0−xNax[Li0.2Mn0.54Ni0.13Co0.13]O2 cell model is shown in Figure 1, and a 4 × 3 × 2 supercell model was built. Li and sodium are assumed as 1.0 mol in this chemical formula; if the sodium doping amount is x mol, then Li is 1.0−x mol. The calculation of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 (x = 0.01, 0.02, 0.03, … , 0.15) is analyzed as follows.
[image: Figure 1]FIGURE 1 | Cell of Li1.0−xNax[Li0.2Mn0.54Ni0.13Co0.13]O2. Li and Na occupy 3a, Li0.2Mn0.54Ni0.13Co0.13 occupies 3b, and O occupies 6c.
RESULTS AND DISCUSSION
Band Gap and Partial Density of States
The band gap of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 is calculated, and the partial density of states (PDOS) is plotted with the sodium doping amount x = 0.01, 0.02, 0.03, … , 0.15 mol. The band gap and electrons in the conduction band are very important for the material’s electronic conductivity. If the band gap is narrower, the conductivity of the material is better. After sodium doping, the band structure of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 remains stable, but the energy gap has changed much. In Table 1, all band gap values are listed. Figure 2 shows the relationship between the band gap and x. According to Figure 2, the band gap curve of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 has three inflection points at x = 0.02 mol, x = 0.07 mol, and x = 0.12 mol, respectively, where the band gap has changed clearly. When x = 0.02 mol, the band gap value begins to decrease; at x = 0.07 mol, its value increases slightly, which may be ascribed to the expanding volume and disorder of Ni2+/Li+ cation mixing, but from then on, it decreases continually. In other words, it basically decreases with increasing x until x = 0.12 mol, which indicates sodium doping can effectively improve the conductivity of Li1.2Mn0.54Ni0.13Co0.13O2 when 0.02 < x < 0.13 mol.
TABLE 1 | Band gap values of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 with different x.
[image: Table 1][image: Figure 2]FIGURE 2 | The band gap of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 becomes narrower after sodium doping, which means its conductivity is improved notably. The error bars show that the accuracy of our band gap values is reliable.
The sodium doping influence on the conductivity of Li1.2Mn0.54Ni0.13Co0.13O2 was achieved by the PDOS, which can clearly describe the bonding and density of states near the Fermi level. Figure 3 shows its PDOS, respectively, when x = 0, 0.01, 0.04, and 0.10 mol. The peak of the PDOS corresponds to the electron number at this energy level. The colored lines in Figure 3 represent the density of different orbital states. In Figure 3B, when x = 0.01 mol, the PDOS peak is about 181 eV, which is subtly different from that of the pristine as shown in Figure 3A; when x = 0.02 ∼ 0.03 mol, PDOS peaks have increased slowly; when x = 0.04 mol (shown in Figure 3C), the PDOS peak at the Fermi level around 201 eV may be ascribed to the wider Li–O layers made by the bigger sodium atoms’ substitution, and the conductivity of Li1.2Mn0.54Ni0.13Co0.13O2 is getting better distinctly; when x = 0.05 ∼ 0.14 mol, the PDOS peaks have not changed much. Figure 3D shows the PDOS peak is about 207 eV when x = 0.10 mol; but when x = 0.15 mol, the peak of the PDOS declines. Therefore, the right amount of sodium doping can multiply greatly the electrons near the Fermi level, and sodium doping should be within x = 0.04 ∼ 0.14 mol.
[image: Figure 3]FIGURE 3 | PDOS schemas of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 with different x. (A) When x = 0 mol, the PDOS peak of the pristine is about 173 eV. (B) The PDOS peak of Li1.19Na0.01Mn0.54Ni0.13Co0.13 O2 is up to 181 eV, which is higher than that of Li1.2Mn0.54Ni0.13Co0.13O2. (C) When x = 0.04 mol, the PDOS peak raises around to 201 eV. The bigger Li–O layers contribute to the better conductivity. (D) When x = 0.10 mol, the PDOS peak is approximately 207 eV, which is higher much than that of Li1.2Mn0.54Ni0.13Co0.13O2.
Cell Volume and Lithiation Formation Energy
The volume and formation energy of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 were calculated. The volume data after doping indicate that x should be controlled at x < 0.11 mol. The volume is a little bigger at x = 0.07 mol than that at x = 0.06 mol; at x = 0.08 mol, it decreases again; when x > 0.10 mol, the volume expansion is huge, which will lead to the structural instability. Due to the bigger sodium atom than the lithium atom, the interslab distance of the Li–O layer can be enlarged, and the diffusion ability of Li+ in the crystal lattice is strengthened to enhance the conductivity of Li1.2Mn0.54Ni0.13Co0.13O2. More importantly, the proper sodium doping can stabilize the layered crystal structure.
It is very important to analyze the formation energy, which explicitly decides the difficulty of the lithiation/delithiation process. The greater the formation energy of metal oxide is, the higher the difficulty is for atoms to get free from the crystal lattice. The lithiation formation energy E is shown in the following equation:
[image: image]
where Et is the supercell’s total energy, Edl is the delithiation, and Edil is the supercell’s energy after delithiation. In Figure 4, the energies in Eq. 8 are plotted to investigate the relationship between E and x. According to Figure 4, E has varied with x. When 0 < x < 0.09 mol, E decreases extremely, which indicates Li+ can be deintercalated more easily and the cycling stability and rate capability of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 can be continually enhanced; when 0.09 < x < 0.12 mol, E remains stable; when x = 0.10 mol, E is lowest and the rate capability is best; when x > 0.12 mol, E raises gradually. Therefore, the best doping amount x = 0.10 mol.
[image: Figure 4]FIGURE 4 | Schematic diagram of the lithiation formation energy E with different x. The error bars show that the accuracy of our calculations is credible.
Electron Density Difference
To analyze the electrons’ distribution near local atoms, the electron density difference of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 was modulated. Compared with the pristine (Figure 5A), when 0 < x < 0.04 mol, the color of the electron cloud around atoms has not changed obviously and the coverage of the electron cloud is getting bigger slowly; in Figure 5B, the color of the electron cloud has changed much and the electron cloud’s coverage is bigger significantly, which exhibit that the conductivity of Li0.08Na0.04Mn0.54Ni0.13Co0.13O2 is better than that when x < 0.04 mol; when x = 0.10 mol (Figure 5C), the color is orange and the coverage expands much, meaning that free electrons have increased enormously and its conductivity is far better than before; when x = 0.11 mol (Figure 5D), the color of the electron cloud is the same as that of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2; when 0 < x < 0.14 mol, the coverage of the electron cloud is expanding continually until when x = 0.14 mol; when x > 0.14 mol, the electron cloud’s coverage has shrunk a little. Therefore, sodium doping can improve the conductivity of Li1.2Mn0.54Ni0.13Co0.13O2, and the excellent amount of sodium doping x = 0.05–0.13 mol.
[image: Figure 5]FIGURE 5 | Electron density difference of Li1.2−xNaxMn0.54Ni0.13Co0.13O2. (A) The electron cloud’s color and coverage of the pristine are shown. (B) When x = 0.04 mol, the color has become orange and the electron cloud’s coverage has expanded obviously, which mean its conductivity is distinguished. (C) When x = 0.10 mol, its color gets brighter and the electron cloud’s coverage gets bigger, which indicate its conductivity is promoted extremely. (D) When x = 0.11 mol, there is no difference in color between x = 0.11 mol and x = 0.10 mol and the coverage of the electrons gets bigger continually.
Potential Energy of Electrons
To study the rate capability after doping, the electrons’ potential energy of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 had been profiled. In a potential well, if electrons have lower potential energy and get the extra external energy, they can cross freely over the potential well. In Figure 6, the 3D potential energy map of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2 is shown. The different colors represent the potential energy change. In Figure 6, the taking turns of the potential barrier and well show Li1.1Na0.1Mn0.54Ni0.13Co0.13O2 is still a layered structure. And so do the potential energy maps of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 when x < 0.10 mol, which means the right doping amount cannot lead to the phase transition.
[image: Figure 6]FIGURE 6 | 3D potential energy map of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2.
For the purpose of investigating the sodium doping influence on the potential energy well, diffusion paths were simulated. The 2D potential energy image of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2 is shown in Figure 7. Electrons will diffuse more facilely along the path marked with blue “*”, which represents the minimum potential energy and can offer abundant channels to diffuse. And the energy barrier of Li+ insertion/extraction is reduced in the crystal lattice. Therefore, electrons and Li+ can be removed and migrated to other places almost without any energy barrier. In Figure 7, the potential energy of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2 is from 36 to 1 eV, and each marked path is not the same. According to the calculations of potential energy for Li1.2−xNaxMn0.54Ni0.13Co0.13O2, the minimum potential energy decreases with rising x, which demonstrates that the potential well of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 is lower, and electrons can be removed from the potential well more easily. Thus, its rate performance can be effectively promoted.
[image: Figure 7]FIGURE 7 | 2D potential energy map of Li1.1Na0.1Mn0.54Ni0.13Co0.13O2.
CONCLUSION
The physical and electrochemical performances of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 were simulated and analyzed by DFT. The layered structure of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 can be kept stably after sodium doping. According to the calculations of the band gap and PDOS, when x = 0.05–0.12 mol, Li1.2−xNaxMn0.54Ni0.13Co0.13O2 has better conductivity and cycling performance; when x < 0.11 mol, its volume remains invariable; when x = 0.10 mol, the lithiation formation energy E is lowest and Li+ and electrons can be removed easily; based on the results of the electron density difference, when x = 0.05–0.13 mol, Li1.2−xNaxMn0.54Ni0.13Co0.13O2 has better conductivity and electrons’ potential energies are becoming lower with rising x. To sum up, when x = 0.10 mol, the electrochemical performance of sodium-doped Li1.2Mn0.54Ni0.13Co0.13O2 is best, which is essentially in agreement with experimental results. The sample of Li1.2−xNaxMn0.54Ni0.13Co0.13O2 could be synthesized with a confinement method. Though Li1.1Na0.1Mn0.54Ni0.13Co0.13O2 has better electrochemical performance than Li1.2Mn0.54Ni0.13Co0.13O2, other approaches should be taken as well to further improve the energy density, reversible charge capacity, and cycling performance. Our calculations, analyses, and simulations based on DFT can provide some theoretical proposals for the doping study about the electrochemical performance, and these methods can contribute to the performance study of the battery module for new electro-optical conversion devices.
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Heat current generated by electronic transport through a quantum dot (QD) coupled to both a phonon bath and a Majorana nanowire hosting Majorana bound states (MBSs) is theoretically studied in the framework of non-equilibrium Green’s function technique. The calculated numerical results show that electrical current can be either enhanced or suppressed by the combined influences of the phonon bath and the MBSs at certain bias voltage regimes. The enhancement and suppression of the current’s magnitude for a fixed bias voltage will be reversed due to the direct hybridization between the MBSs. The simultaneous coupling between both MBSs will amplify the function of the MBSs on the current, with the same unchanged and essential qualitative impacts. Heat generation by the electrical current can be fully adjusted by the dot–MBS coupling, direct hybridization between the MBSs, and positions of the dot level. By properly choosing the above parameters, heat generation can be suppressed even for increased electrical current, which is favorable in removing waste heat generated by electrical current flowing through low-dimensional circuits.
Keywords: quantum dot, phonon, Majorana bound states, electrical current, heat generation
1 INTRODUCTION
With continuing decreased size and increased density of electronic devices integrated in circuits, the issue of heat generation by electrical current becomes progressively vital. In mesoscopic and nanoscale systems, heat is mainly generated from electron–phonon interaction (EPI), by which the energy accompanying the electric current flowing through the scattering region is transferred to the phonon bath as heat. In fact, recent progresses in nano-fabrication and characterization have brought about a new subject of phononics, which is interested in carrying heat current and information by phonons in addition to electrons or photons [1, 2]. Similar to the case in the usual electronics, the elementary unit in phononics is the preparation, detection, and manipulation of the thermal diode and memory devices. The thermal diode is to switch on–off or to amplify heat current [3, 4], and the thermal memory devices are building blocks for a quantum computer in terms of phonons [5, 6]. Up to now, phononics is still in its primary stage in that the movement of phonons is quite difficult to be controlled, which is contrary to the case of electrons. This is mainly because those phonons are quasiparticles behaving as energy elements without either bare mass or charge [1, 2], which is totally different from the characteristics of electrons. In addition, there are no interactions between single phonon modes. Thus, understanding the nature and controlling the movement of phonons with the help of EPI has become a much interesting research subject, and many theoretical and experimental works about phonon-assisted tunneling through low-dimensional systems have been performed [2–10].
Very similar to the characteristics of phonons, another quasiparticle known as Majorana bound states (MBSs) with zero mass and charge has recently been extensively studied both theoretically and experimentally [11]. The MBSs are of their own antiparticles having no energy and have been successfully formed in various platforms, including superconductors with a non-centrosymmetric center [12, 13], topological insulators in proximity to superconductors [14], defects located in topological superconductors [15], and p-wave superconductors [16]. They are also realizable even in the semiconductor [17] or ferromagnetic [18] nanowires having strong spin–orbit interaction or Josephson junctions [19]. They are very promising in both fault-tolerant quantum computation and energy conservation electronic setups. In line with the preparation of MBSs, their detection is also an important task due to the unique zero-energy, chargeless, and massless nature. Motivated by this, many detection schemes for the existence of MBSs have been proposed, among which the most important one is the electrical transport spectroscopy which applies an electric field on the setup having MBSs and then detects the associated electrical current. The MBS induces an abnormal zero-bias peak in the differential conductance, by which the existence of MBSs can be deduced [20, 21]. This zero-bias peak in the differential conductance, however, can also be induced by other mechanisms, such as the Kondo effect [16] and Andreev bound states [20]. Some other schemes, for example, the unusual sign change or enhancement of thermopower by MBSs, were proposed recently [22–24]. Moreover, a semiconductor quantum dot (QD) side-coupled to MBSs and sandwiched between leads was also introduced to break electron–hole symmetry to avoid null thermoelectric signatures. A previous work shows that the sign change induced by changes in the dot level, dot–MBS coupling strength, and direct MBS–MBS coupling are an efficient demonstration of MBSs. The thermoelectric effect assisted by MBSs was studied in structures composed of a QD connected to more than one lead. Moreover, universal Majorana thermoelectric noise in such similar systems was proposed as a non-invasive electrical detection scheme for the MBSs [24]. Optical detection schemes were also put forward in recent years [25–28]. For example, Liu et al. demonstrated that MBSs will absorb and emit photons and then induce photon-assisted side band in the conductance, which can split the MBSs and result in a novel non-zero MBS mode. This provides a new detection means for the MBSs which are very different from the previously proposed ones [25]. All-optical detecting plans for the MBSs were put forward by Zhu et al. [26] relying on a QD coupled to nanomechanical resonators, and they found that the optical signatures are enhanced by MBSs. Tang et al. [29] have proved that the existence of MBSs will induce a sign change of the tunnel magnetic resistance, which measures the relative change in the electronic currents when the magnetic moments of two leads are changing from parallel to antiparallel configurations.
Heat generation by electrical current in universal nanostructures was theoretically investigated by Sun et al. by the non-equilibrium Keldysh Green’s function method [30], in which the heat originates from the EPI. The authors proved that the behaviors of the heat current in low-dimensional systems are quite different from Joule’s law valid in macroscopic structures. This issue then arouse many investigations [31–33], and it was found that phonon emission processes occur if the Coulomb repulsion equals the phonon energy and induces a high peak in heat generation at even a small electric current [32]. By changing the energy levels in the QD, the heat current decreases regardless of increased electrical bias voltage as the electrons emit phonons in this process. This may induce a negative differential of heat generation [32]. If the scattering region is under a temperature difference between its two ends, it was found that the electrons tunneling through the dot will absorb heat current from the phonon bath to the scattering region and then serve as a nano-refrigerator [32, 33]. In view of the similarities between phonons and MBSs, here we study electrical current and heat exchanged between electrons passing through a QD and a phonon bath interacting with the QD under the influence of a Majorana nanowire hosting MBSs (see Figure 1). Our results show that both the electrical current and heat generation can be fully adjusted by the existence of MBSs. Under some conditions, the electrical current can be enhanced with small heat generation, which is useful in energy-saving devices.
[image: Figure 1]FIGURE 1 | Plot of a quantum dot connected to MBSs prepared at the ends of a topological superconductor nanowire. The dot is coupled to the left and right leads and to a phonon bath with phonon frequency [image: image].
2 MODEL AND METHODS
The Hamiltonian of the considered system composed of a semiconductor QD coupled to two leads and a Majorana nanowire is written as follows ([image: image]) [30, 34–37]:
[image: image]
where the first term is for the left ([image: image]) and the right ([image: image]) electron lead with [image: image][image: image] being the electron creation (annihilation) operator having momentum k and energy [image: image]. The second term denotes the electron on the QD, and [image: image][image: image] creates (annihilates) an electron with a quantized energy level [image: image]. [image: image] accounts for the creation (annihilation) operator of a phonon with frequency [image: image], and the quantity [image: image] is the electron–phonon coupling magnitude. The third term denotes the single phonon mode, and the fourth term describes hopping between the QD and the leads with [image: image] being the matrix element. The last term in Eq. 1 is for the MBSs and their coupling to the QD [34–37], given as follows:
[image: image]
where the operator [image: image] stands for the mode located on the left/right end of the nanowire and is coupled to the QD with the strength of [image: image], with [image: image] being the overlap strength bewteen them. The Majorana operators satisfy [image: image] and [image: image]. We follow the previous work to switch from the Majorana fermion representation to the equivalent regular fermion one by defining [34] [image: image] and [image: image]; the Hamiltonian [image: image] is rewritten as follows:
[image: image]
We then perform a canonical transformation to eliminate the electron–phonon coupling, that is, [30–32] [image: image] with [image: image]. The transformed Hamiltonian reads as follows:
[image: image]
where the dot level is transformed into [image: image] with [image: image]. The tunneling matrix element [image: image] and the dot–MBS coupling strengths [image: image] are individually transformed into [image: image] and [image: image] with [image: image]. When [image: image] is small compared to [image: image], X can be replaced by its expectation value [image: image], in which [image: image] describes the phonon distribution function with [image: image] being the phonon temperature [12, 13]. The Fourier transform of heat generation [image: image] can be calculated from the above Hamiltonian and is as follows [30]:
[image: image]
where [image: image] and [image: image] are the electron single-particle Green’s function. By using the equation of motion method, the retarded Green’s function is given by [30, 34–37]
[image: image]
where [image: image], with [image: image] and [image: image] ([image: image] is the local density of states in the lead β). The advanced Green’s function in the above equation is [image: image], and the lesser (greater) one is [image: image], in which the self-energies are individually given by [image: image] and [image: image] [15]. The Fermi distribution function is [image: image], with chemical potential [image: image]. The quantities K, [image: image], and [image: image] in the above equation are given as [image: image], and [image: image]. In terms of the above canonical transformation, [image: image] is related to [image: image] by [7, 30] [image: image] and [image: image] and [image: image] is given by [image: image], with [image: image] being the modified nth Bessel function. Finally, the electric current through the system reads as [7, 30]
[image: image]
3 RESULTS AND DISCUSSION
In this section, we present our numerical results of heat generation Q and electrical current J versus either the bias voltage [image: image] or the renormalized dot level [image: image]. We assume identical coupling between the dot and the two leads, that is, [image: image] and choose [image: image] as the energy unit. To compare our results with those in the absence of MBSs given in Ref. 10, we set [image: image] and symmetrical bias [image: image]. Usually, the QD and the phonon bath are at the same temperature [image: image], which is fixed at a rather low value of [image: image] favorable in experiments concerning the MBSs. When the dot is decoupled from the Majorana [image: image], the electrical current in Figure 2A increases with the increasing bias voltage and shows several small steps due to the phonon-assisted transport processes [7, 30–33]. The reason is that the dot’s level shifts to [image: image] in the presence of EPI [7, 30–33], and then electrons transport through the dot whenever [image: image] or [image: image] for the present case of [image: image]. The electric differential conductance [image: image] then will develop sharp peaks at the above leads’ chemical potentials [7], which is not illustrated here. Heat generation in Figure 2B also increases with the increasing bias voltage, but with a delay of [image: image] as compared to the case in electric current [30]. The reason is that the heat Q is generated by the phonon emission processes from the state of ε to an empty state of [image: image] [30]. Under the condition of [image: image], the energy provided by the external electric field is smaller than the phonon energy [image: image], and then electrons cannot tunnel through the state and heat generation is zero. As shown in previous studies, such a delay effect of heat generation with respect to the current is more distinct at lower temperatures [30, 31]. It is worth pointing out that the steps in heat generation emerge at a different value of bias voltage in the electric current. It is well known that the current plateau is induced as the dot level [image: image] and is in between the bias window, but that of heat generation emerges at[image: image].
[image: Figure 2]FIGURE 2 | Electrical current (A) and heat generation (B) as functions of the bias voltage for [image: image] at different [image: image]. (C, D) Electrical current and heat generation vs the dot level for [image: image] and different [image: image]. Other parameters are [image: image][image: image] = 0, and [image: image].
When the dot is hybridized to the MBSs formed at the left side of the nanowire ([image: image], [image: image]), the magnitude of the electrical current in Figure 2A can be either enhanced or suppressed depending on the value of the bias voltage. More specifically, the current is suppressed in the bias regimes of [image: image] and [image: image], whereas it is enhanced in the bias regime of [image: image]. The reason is that, in these two regimes, the electrons emit and absorb phonons and the energy is lost and gained, respectively. As a consequence of it, the differential conductance will develop peaks at [image: image] (not illustrated in the present manuscript), which is qualitatively consistent with the results found in Ref. [30]. Moreover, the peaks in the differential conductance may be positive corresponding to current’s increment or negative due to current’s decrement. The variation of the current or the differential conductance also indicates the phonon emission and absorption processes. The reason of the above results is that, in the presence of side-coupled MBSs [34], the jumps in the current are consistent with the eigenstates of the QD, which are at [image: image] and 0 [34–36]. From this, one can see that the electric current depends on EPI and hybridization between electrons in the dot and the MBSs. Heat generation in Figure 2B, however, is monotonously enhanced in the bias regimes of [image: image] in the presence of dot–MBS coupling. Such a behavior of heat generation proves that the relationship between the electrical current and the heat does not follow Joule’s law of [image: image] valid in mesoscopic systems [30]. The enhancement of heat generation can be explained as follows [30]: heat generation arises from the phonon emission processes as an electron located at an energy state of ε transmitting to an empty state of [image: image]. On the condition of [image: image], the electric field cannot supply enough energy for electrons to fulfill such a process, and then the heat current is zero, which is the delay effect as shown in Figure 2. When the bias voltage [image: image], electrons will absorb enough energy to emit phonons and the magnitude of heat generation is increased accordingly. In the presence of coupling between the dot and MBSs, additional molecular states [image: image] are induced as discussed above, and then the phonon emission processes will become easier and heat generation is then increased. As the value of [image: image] is increased, heat generation is further enhanced as indicated in Figure 2B because the roles of the molecular states induced by dot–MBS coupling become more and more important. Figures 2B,C present the electrical current and heat generation versus the dot level [image: image] for fixed [image: image] and different values of [image: image]. The current is suppressed by the dot–MBS coupling when the dot level locates within [image: image], which is qualitatively in agreement with the results obtained in Ref. [30] and Figure 2A. As [image: image], it is found that the current is increased by hybridization between the dot and the MBSs. This is induced by the newly emerged molecular state from the MBSs. The change in heat generation in Figure 2D is essentially opposite to the electrical current in Figure 2C. When the dot level is within [image: image], the magnitude of heat generation is obviously enhanced due to the molecular states arisen from the coupling between the dot and the MBSs, which makes the phonon-emitting processes to become easier [30]. Out of this regime, heat generation is slightly enhanced by the increasing value of [image: image]. The reason is that the zero-energy MBSs only play dominant roles near around [image: image]. When the dot level is much higher or lower than zero, the phonon-emitting processes due to the MBS-induced molecular states become difficult, and then heat generation is decreased. From Figure 2, it can be seen that, by tuning the dot level and the bias voltage, one can effectively adjust the magnitude of either the electrical current or heat generation, which is favorable in device design [30].
In real experiments, the two modes of the MBSs formed at different ends of a nanowire interact with each other with an amplitude of [image: image], where L is the length of the nanowire and ξ is the electrons’ coherence length [34–37]. Some previous works have demonstrated that this hybridization between the MBSs results in a sharp peak in the conductance when the dot level is aligned to the leads’ chemical potential and another two side peaks at about [image: image][34]. If the MBS–MBS coupling is strong enough, the central peak in the conductance reduces to the case of resonant level. Under the condition of [image: image] as shown in Figure 3A, the magnitude of the electrical current J increases when the bias voltage locates within [image: image] and decreases as the bias voltage is [image: image] with [image: image]. Such a change in the current induced by the MBS–MBS coupling is totally different from that in Figure 2A, where [image: image]. The reason is that the impact of hybridization between the MBSs will be suppressed due to their overlapping. The magnitude of heat generation in Figure 3B, however, is monotonously suppressed in the whole bias voltage regime except when [image: image]. For large enough MBS–MBS coupling strength ([image: image]), the magnitude of heat generation reduces almost to the case of the single dot decoupled from the MBSs ([image: image]). This can be seen by comparing the yellow dotted line in Figure 3B and the black solid one in Figure 2B. The reduction of heat generation by the inter-MBS coupling is because that the impact of each isolated mode of the MBSs is weakened if the MBSs at the two ends of the nanowire overlap with each other. In other words, the phonon absorbed by one MBS formed at one end of the nanowire will be subsequently emitted by the other MBS at the other end of the nanowire. As a result of it, the MBS-assisted heat generation is reduced as shown in Figure 3B. By comparing the curves in Figure 3B of [image: image] (black solid line) with those of [image: image], one can find that the direct hybridization between the MBSs [image: image] will strengthen the jumps in heat generation. As indicated above, the phonon absorbed (emitted) by one mode of the MBSs will be subsequently emitted (absorbed) by the other mode. Such phonon absorption and emission processes will change the behaviors of heat generation and induce additional jumps. We emphasize that even the impacts of the MBSs on the heat generation processes are weakened in the presence of hybridization between the MBSs, and the behavior of heat generation is quite different from the case of no MBSs because there are more phonon absorption and emission processes by interaction between the QD and the MBSs.
[image: Figure 3]FIGURE 3 | (A) Electrical current and (B) heat generation as functions of the bias voltage at different [image: image]. Other parameters are the same as in Figure 2.
If both ends of the nanowire are close to the QD [34, 35], the MBSs prepared may couple to the dot simultaneously. In 2011, Flensberg proposed a scheme composed of a QD that couples to both modes of the MBSs to implement a [image: image] phase gate. The author proved that, by adding or removing one electron, non-Abelian rotations at the ground state with Majorana fermions are realizable and also proposed a scheme based on a QD with intradot Coulomb interaction. Moreover, the state of the system with Majorana fermions can also be read out with the help of the QD by a charge measurement. We present the electrical current J and heat generation Q in Figure 4 with finite values of [image: image] and [image: image]. The behavior of the current in Figure 4A resembles that in Figure 2A, is further enhanced when the bias voltage is [image: image], and decreases as [image: image] by the increasing value of [image: image]. The reason is that, for [image: image], the dot is coupled to both isolated MBSs, which contribute to the tunneling processes almost independently. Heat generation in Figure 4B also resembles that in Figure 2B and is monotonously enhanced due to the presence of [image: image] as long as [image: image]. The jumps in Figure 4A are more obvious if both modes of the MBSs are coupled to the dot than those in Figure 2A in which only the left mode of the MBSs is coupled to the dot. Figures 4C,D show the electrical current and heat generation on the condition of the dot are symmetrically coupled to the two modes of the MBSs with [image: image]. Similar to the results in Figure 3B, the current’s magnitude in Figure 4C is enhanced (suppressed) by MBS–MBS coupling [image: image] when the bias voltage is within [image: image] ([image: image]). Again, the amplitude of heat generation in Figure 4D is monotonously suppressed with the increasing value of [image: image] for [image: image]. Interestingly, the current can be enhanced when the bias voltage is within [image: image], whereas heat generation is suppressed in the presence of direct hybridization between the MBSs, a phenomenon favorable in designing energy conservation devices.
[image: Figure 4]FIGURE 4 | Electrical current and heat generation (A, B) as functions of the bias voltage and (C, D) vs the dot level at different values of [image: image]. Other parameters are given in the figure and the same as in Figure 2.
4 SUMMARY
In summary, the present paper studies electric transport and heat generation in a QD side-coupled to MBSs formed at opposite ends of a topological nanowire. It is found that the amplitude of the phonon-assisted current can be either enhanced or suppressed depending on the value of bias voltage compared to the phonon energy. If the dot is simultaneously coupled to the two isolated modes of the MBSs, the change in the current becomes more obvious, but it essentially resembles the case when it is coupled to only one mode of the MBSs. The direct overlap between the MBSs will totally reverse the functions of the MBSs on the current’s magnitude, which is individually enhanced and suppressed by hybridization between the MBSs in the bias regimes between which the current is suppressed and enhanced when the dot is only coupled to one isolated mode of the MBSs. The magnitude of heat generation is monotonously enhanced when the dot is coupled to either one or both of the isolated MBSs, whereas it is monotonously suppressed in the presence of direct overlap between the two MBSs. The variation of the electrical current and heat generation due to the MBSs enables the possibility of simultaneously enhancing the current while suppressing the generated heat and is ideal in designing energy conservation devices.
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As a reflective display technology, electrowetting displays (EWDs) have the advantages of paper-like display, low power consumption, fast response, and full color, but the aperture ratio of EWDs is seriously affected by oil dispersion and charge trapping. In order to improve the aperture ratio and optimize the display performance of EWDs, a combined pulse driving waveform with rising gradient design was proposed. First, an initial driving voltage was established by the threshold voltage of oil film rupture (Vth). And then, a rising gradient was designed to prevent oil from dispersing. At last, the oil splitting and movement were controlled to achieve the target aperture combined with the pulse waveform. Experimental results showed that the oil dispersion of EWDs can be effectively improved by using the proposed driving waveform, the aperture ratio of EWDs was increased by 3.16%, and the stability was increased by 71.43%.
Keywords: electrowetting display, driving waveform, aperture ratio, charge trapping, threshold voltage, oil dispersion
INTRODUCTION
Electrowetting displays (EWDs) are a kind of reflective display technology with the ability of video-speed display applications; its fluidic pixels can respond and switch quickly by controlling electronic [1]. And it shows excellent electro-optic characteristics like low operating voltage, thinness, fast response, wide viewing angle, and low power consumption [2, 3]. EWD makes up the performance bottlenecks in full-color display and real-time dynamic video display [4–8]; it is known to be one of the most attractive emerging display technologies [15].
The concept of EWD was first proposed by Beni and Hackwood in 1981 [9]. In addition, Hayes developed a new type of the EWD scheme which was based on the principle of microfluidic motion at low driving voltages in 2003 [10]. To achieve fast response EWDs with an accurate multiple gray-level performance for video applications [11], it is necessary to solve the influence of hysteresis effect, charge trapping, and oil splitting in EWDs [12]. The driving waveform controls the motion state of the oil and affects the gray-scale display of EWDs [13]. By changing the applied voltage to control the aperture ratio of EWDs, multiple gray-scale displays can be realized [14]. Amplitude modulation (AM) and pulse width modulation (PWM) are the two main methods to obtain gray scales [15, 16]. But the hysteresis effect is obvious if using AM to drive EWDs. Although the hysteresis of the PWM driving method is much smaller, the gray scales and the frame update rate are limited. Therefore, an amplitude–frequency mixed modulation driving system was proposed to improve the response speed and oil stability when the gray scale was displayed [17]. Also, a driving waveform based on overdriving voltages was proposed to shorten the response time of EWDs [18]. Moreover, a decoupling driving waveform was developed to diminish the induced voltage stress on thin film transistor (TFT) backplane of EWDs [19]. For dealing with the charge trapping phenomenon properly, an asymmetrical alternating polarity driving waveform was proposed [20]. The asymmetry in the driving energy is the difference between an alternating polarity signal with symmetrical energy and a common signal with variable DC voltage. The objective of the asymmetrical driving energy was used to provide the consistent electric field on EWDs with the alternating polarity method, so as to obtain a faster response time and a higher reflectivity. In addition, it was found that the oil film has a higher aperture ratio and a higher reflectivity by applying driving voltage waveforms with different rising gradients, which has the same final voltage on EWDs [21]. The driving voltage gradient was proven to be useful in the microfluidic behavior for electrowetting devices. When the voltage increased slowly, the oil droplets had more time to coalesce or merge, and then the oil splitting phenomena decreased. Although the voltage gradient could improve the reflectivity of EWDs, the response time becomes longer. Therefore, both reflectivity and response time should be taken into account fully. Traditional driving waveforms often cause oil dispersion, which affects the optical performance seriously and reduces the aperture ratio greatly. Analysis of the oil motion behavior in the driving process is helpful to improve the performance of EWDs.
In this study, the relationship among threshold voltage of oil film rupture, luminance value, and response time was analyzed, and a combined pulse waveform with rising gradient design was proposed for improving the aperture ratio and optimizing the display performance of EWDs.
PRINCIPLES
Display Principle of EWDs
Electrowetting refers to the electrical modulation of the interfacial tension between a conducting liquid phase and a solid electrode [22, 23]. It is a convenient method to actively control the contact angle [24]. As shown in Figure 1, the structure of an EWD is mainly composed of glass substrate, indium tin oxide (ITO), hydrophobic insulator layer, pixel wall, colored oil, and water [25, 26]. The principle is based on the movement of colored oil across a hydrophobic insulator [27].
[image: Figure 1]FIGURE 1 | Pixel structure of EWDs. The optical stack consists of glass substrate, indium tin oxide (ITO), hydrophobic insulator layer, pixel wall, colored oil, and water.
Without driving voltage, the oil forms a continuous film between the hydrophobic insulator and water. In this case, the relationship of the interfacial tension in a three-phase system is presented as Eq. 1.
[image: image]
where [image: image] is the interfacial tension, and o, w, and i denote oil, water, and insulator, respectively. [image: image] is the interfacial tension between oil and water, [image: image] is the interfacial tension between oil and the hydrophobic insulator layer, and [image: image] is the interfacial tension between water and the hydrophobic insulator layer.
The display principle of EWDs is presented in Figure 2. For a pixel unit, the surface of the insulator layer is hydrophobic when no driving voltage is applied. The oil covers the insulator layer and absorbs the incident light, as shown in Figure 2A, and the pixel is in a dark state. Figure 2C shows the top view of a pixel in colored off-state. When driving voltage is applied on pixel electrodes, the surface polarity of an insulator layer changes from hydrophobic to hydrophilic, which leads to the change of interfacial tension. As shown in Figure 2B, the oil would be pushed to corners of a pixel by interfacial tension, and the underlying reflective layer would reflect the incident light. Figure 2D is the top view when a pixel is in white on-state. In this way, the optical switch is formed and the monochromatic display of a pixel unit is realized [28].
[image: Figure 2]FIGURE 2 | Display principle of an EWD pixel. (A) A homogeneous oil film is present when no driving voltage is applied, and the pixel is in colored off-state. (B) When a driving voltage is applied, oil is shrunk to a corner, and the pixel is in white on-state. (C) Top view of the pixel in colored off-state. (D) Top view of the pixel in white on-state.
Electro-optic Characteristics of EWDs
Electrowetting behavior is governed by the Lippmann–Young equation for electrowetting in a three-phase system [29]. The Lippmann–Young equation is defined as Eq. 2.
[image: image]
where [image: image] is a contact angle with the applied voltage, [image: image] is a contact angle without the applied voltage, and [image: image], [image: image], [image: image], [image: image], and V are the vacuum dielectric constant, dielectric permittivity, insulator layer thickness, oil/water interface tension, and driving voltage, respectively. When no driving voltage is applied, the oil film completely covers the hydrophobic insulator layer, and the contact angle is close to zero, that is, [image: image] ∼1. Then Eq. 2 can be reduced to Eq. 3.
[image: image]
The aperture ratio is an important index to describe the performance of EWDs, which refers to the percentage of white area in the pixel when the driving voltage is applied. During oil contraction, the aperture ratio is defined as Eq. 4.
[image: image]
where [image: image] is the aperture ratio, [image: image] and [image: image] represent the pixel area occupied by oil and total area of a pixel, respectively, when driving voltage [image: image] is applied to EWDs. With the applied driving voltage,[image: image] in a pixel in terms of contact angle [image: image] can be written as Eq. 5. Similarly, [image: image] can be written as Eq. 6 when no driving voltage is applied.
[image: image]
[image: image]
where [image: image] is the volume of colored oil. Substituting Eq. 5 and Eq. 6 in Eq. 4, the aperture ratio can be calculated theoretically, and finally defined as Eq. 7.
[image: image]
When the colored oil film in a pixel splits into small droplets, the contact area between the oil and the hydrophobic insulator layer becomes larger. For example, if a single droplet with 90°contact angle splits into two droplets, the whole area of the two oil droplets occupied is [image: image] times that of the original one. As shown in Figure 3 [21], S2 + S3 > S1, where S1 is the covered area of the original oil droplet on the substrate, and S2 and S3 are the covered area of two splitting oil droplets. Obviously, oil pattern with less oil droplets covers less area on the substrate. Oil contraction patterns in pixels is one of the important factors that affect the aperture ratio of EWDs. Therefore, improving the oil dispersion phenomenon in EWDs is one of the useful methods to increase the aperture ratio of EWDs.
[image: Figure 3]FIGURE 3 | Schematic diagram of different oil contraction patterns in an EWD pixel; when an oil droplet splits into two droplets, the covered area between the oil and the hydrophobic insulator layer becomes larger, although the volume remains the same, that is, V1 = V2 + V3, S1 < S2 + S3.
Charge Trapping Phenomenon of EWDs
The phenomenon of charge trapping exists in EWDs. The charge trapping on the dielectric layer of EWDs can influence the stability of display effect, resulting in slow response speed and few gray scales [2]. Figure 4 illustrates the charge trapping phenomenon in an EWD. When the driving voltage is continuously applied to the pixel, ions in water move toward the insulator by the electrostatic force, and then the colored oil would be pushed away. In this process, some ions enter the insulator and can be trapped. Even when removing the driving voltage, the oil could not cover the whole hydrophobic layer. And trapped ions must be discharged by waiting enough time or applying a special driving waveform. Otherwise, the colored oil cannot be completely spread out. Worse still, the charge trapping can lead to the slow response speed of EWDs, which has serious impact on the aperture ratio value.
[image: Figure 4]FIGURE 4 | Charge trapping phenomenon of EWDs. When applying a driving voltage, ions in the water move toward the insulator due to the electrostatic force, and then the oil is pushed aside. Some ions move into the insulator and become trapped. Even when removing the driving voltage, the oil could not cover the entire hydrophobic layer.
EXPERIMENTAL RESULTS AND DISCUSSION
Experimental Platform
In order to evaluate the performance of the proposed driving waveform, an optical experimental platform was built to measure the aperture ratio of EWDs. As shown in Figure 5, the experimental platform consisted of a GDS-3354 oscilloscope, an AFG3052C function generator, an ATA-2022H amplifier, an XTL-165 microscope, an Arges-45 colorimeter, and a computer. Relevant equipment information is shown in Table 1. The tested object was an EWD panel whose parameters are listed in Table 2. The maximum voltage of the texted EWD panel was 30 V. The detailed experimental procedure was as follows.
[image: Figure 5]FIGURE 5 | Experimental platform for driving EWDs. ① Oscilloscope. ② Arbitrary waveform generator. ③ Power amplifier. ④ Microscope. ⑤ Colorimeter. ⑥ Computer.
TABLE 1 | Experimental platform for testing EWDs.
[image: Table 1]TABLE 2 | Parameters of the EWD.
[image: Table 2]First, the required driving waveform was edited by the computer with ArbexPress software and sent to arbitrary waveform generator by serial communication. Then the required driving waveform was generated, which was amplified by the power amplifier to drive the EWD. During the experiment, the colorimeter was placed on the EWD panel, and the host software of colorimeter collected luminance values of the specified pixel in real time. In addition, the high-speed camera captured the display state of the EWD by the microscope.
Driving Waveform Design
The aperture ratio of EWDs is seriously influenced by oil dispersion and charge trapping. In order to improve the aperture ratio and optimize the display stability of EWDs, a combined pulse waveform with rising gradient design was proposed. As shown in Figure 6, the proposed driving waveform included two stages.
[image: Figure 6]FIGURE 6 | Schematic diagram of a combined pulse waveform with rising gradient design. The proposed driving waveform contained two stages. The first stage was a rising gradient with slope from Vth to 30 V. The second stage was a pulse waveform with a suitable period.
At the first stage, initial driving voltage was established by the threshold voltage of oil film rupture (Vth), and a rising gradient was designed to prevent oil from dispersing. Without driving voltage, the oil is in a balanced state of natural spreading; therefore, Vth needs to be applied to break the static balance. In addition, a rising gradient from Vth to 30 V was introduced to prevent the decrease of the aperture ratio caused by oil dispersion. It gives the oil droplets more time to coalesce or merge with adjacent oil droplets when the driving voltage increased slowly so that the oil splitting phenomena could be decreased. The pixel was supposed to reach a larger aperture ratio if the oil distribution is stable. To remove the electric charge which is trapped in the dielectric layer of EWDs, the pulse waveform was introduced at the second stage. As the polarization phenomenon was avoided, the oil splitting and movement could be controlled to achieve a target aperture ratio. With the combination of the pulse waveform, the stability of oil shrinkage could be maintained.
Threshold Voltage of Oil Film Rupture
The precise location of oil film rupture depends on the applied voltage to EWDs. In order to confirm the threshold voltage of the oil film rupture, a traditional DC voltage driving waveform was used to drive the EWD panel. The driving voltage was increased by 1 V per second from the initial voltage 0 V to the final voltage 30 V. During the experiment, the aperture ratio was increased while the driving voltage was increased gradually. As shown in Figure 7, the pixel in colored off-state turned in to white on-state when the applied voltage was increased from 0 V to 30 V. The threshold voltage of oil film rupture could be found by analyzing the relationship between the brightness and the applied voltage with DC voltage driving.
[image: Figure 7]FIGURE 7 | Luminance–voltage curve of an EWD when it was driven by a DC voltage. The EWD began to respond quickly when the voltage was 15 V. The threshold voltage of the oil film rupture was confirmed to be 15 V.
As the DC voltage increased, there was a clear threshold with the rupture of oil film. The results of the experiment showed that when the voltage was above the threshold voltage, the brightness value increases sharply. As the capillary force became dominant and the charge distribution increase quickly at the three-phase contact line, the optical response speed of EWDs was increased gradually. When the driving voltage reached 15 V, the EWD began to response quickly, so the threshold voltage of the oil film rupture was determined to be 15 V.
Effects of Different Slopes on the Aperture Ratio of EWDs
Driving waveforms with various slope values were applied to study the influence of rising gradient driving waveforms on the aperture ratio of EWDs. When the voltage was increased slowly, oil droplets have more time to coalesce with adjacent oil droplets, so it can effectively suppress the violent vibration of oil, which would result in the oil splitting, and obtain a higher aperture ratio. We applied different slopes to rising gradient driving waveforms from 15 V to 30 V for observing the influence of rising gradient waveforms with different slopes. Voltage rising speeds of 0.2 V/ ms, 0.4 V/ ms, 0.9 V/ ms, 1.4 V/ ms, and 2.0 V/ ms were tested in this study. Figure 8 shows the schematic diagram of a driving waveform with rising gradient design.
[image: Figure 8]FIGURE 8 | Schematic diagram of a driving waveform with rising gradient design. The rising gradient waveform with slope from Vth to 30 V. Vth = 15 V.
The luminance curve of EWDs driven by different slope rising gradient driving waveforms is shown in Figure 9. And the comparison of driving effects is listed in Table 3. The experimental results showed that the response speed was 1.73 ms when the slope was 0.2 V/ s, whereas the response speed was 0.96 ms when the slope was 0.4 V/ s; it was 0.77 ms faster than the slope of 0.2 V/ ms. When the slope of the waveform was 0.4 V/ ms, the mean square error of the luminance value was smaller than that of other waveforms; that is, the aperture ratio and oil state of EWDs were more stable. Therefore, the rising gradient driving waveform with the slope of 0.4 V/ s was selected in our driving waveform for EWDs.
[image: Figure 9]FIGURE 9 | Brightness–duration curve of an EWD when it was driven by different rising gradient driving waveforms. The 0.4 V/ ms slope driving waveform had the most stable aperture ratio.
TABLE 3 | Driving effect comparison when different rising gradient driving waveforms were used to drive EWDs.
[image: Table 3]Performance Testing of the Rising Gradient Pulse Waveform
The charge trapping phenomenon of EWDs can cause oil backflow and affect the stability of display directly. Therefore, at the end of the 0.4 V/ s rising gradient waveform, a pulse waveform was introduced as the driving force to keep the aperture ratio stable. By adjusting the period of the applied square waveform, the shape of oil contraction was supposed to be maintained stable. Square waveforms with periods of 5 ms, 15 ms, 25 ms, and 35 ms were applied to the EWD panel. The time-varying curve of the brightness of the EWD driven by different periods is shown in Figure 10. And the comparison of driving effect is listed in Table 4.
[image: Figure 10]FIGURE 10 | The brightness curve of an EWD driven by rising gradient pulse waveform at different periods. Square waveforms with periods of 5, 15, 25, and 35 ms were applied to the EWD panel. The curve was relatively stable when the period was 5 ms.
TABLE 4 | Driving effect comparison when different period pulse waveforms were used to drive EWDs.
[image: Table 4]The experimental results showed that when the period of the square waveform was 5 ms, the stale brightness value of the EWD was 138.77, which was lower than that of other driving waveforms, with periods of 15 ms, 25 ms, and 35 ms. However, the mean square error of the stable luminance value was smaller than that of other waveforms; that is, the aperture ratio and the stability of oil were the best with the period of 5 ms.
In addition, the luminance–time curve of an EWD driven by four different driving waveforms is shown in Figure 11, including the traditional square waveform, the existing rising gradient driving waveform proposed by Zhang [21], the asymmetrical alternating polarity driving waveform proposed by Chen [20], and the proposed combined pulse waveform with rising gradient in this study. It was proved that the proposed driving waveform eliminated the oil dispersion phenomenon and inhibited oil backflow effectively. It not only decreased oil splitting but also avoided the polarization phenomenon. As listed in Table 5, the average of the brightness value was 138.77, which was higher than that of other three driving waveforms. Compared with the asymmetrical alternating polarity driving waveform, the aperture ratio was increased by 3.16%. Moreover, the mean square error of the stable brightness value was 0.12; it was much lower than that of the other driving waveforms. The brightness standard deviation was increased by 71.43% compared with the traditional square wave. Hence, both the aperture ratio and the stability of oil were the best by applying the proposed driving waveform. Therefore, the proposed driving waveform in this study could effectively suppress the charge trapping of EWDs and keep the state of oil film more stable.
[image: Figure 11]FIGURE 11 | Luminance–time curve of an EWD panel with four different driving waveforms. The traditional square waveform, the existing rising gradient driving waveform proposed by Zhang [21], the asymmetrical alternating polarity driving waveform proposed by Chen [20], and the proposed combined driving waveform in this study.
TABLE 5 | Driving effect comparison by four different driving waveforms used to drive EWDs.
[image: Table 5]CONCLUSION
In order to improve the aperture ratio and optimize the display performance of EWDs, a combined pulse driving waveform with rising gradient design was proposed in this study. It can significantly reduce the influence of oil dispersion and charge trapping in EWDs. Experimental results showed that EWD has a higher aperture ratio than the former waveforms. The aperture ratio was increased by 3.16%, and the stability was increased by 71.43%. It was proved that the proposed driving waveform can control oil splitting and movement. It is helpful to realize a more stable EWD and achieve target aperture.
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Electrowetting display (EWD) is a new reflective display device with low power consumption and fast response speed. However, the maximum aperture ratio of EWDs is confined by oil-splitting. In order to suppress oil-splitting, a two-dimensional EWD model with a switch-on and a switch-off process was established in this paper. The process of oil-splitting was obtained by applying different voltage values in this model. Then, the relationship between the oil-splitting process and the waveforms with different slopes was analyzed. Based on this relationship, a driving waveform with a narrow falling ramp, low-voltage maintenance, and a rising ramp was proposed on the basis of square waveform. The proposed narrow falling ramp drove the oil to rupture on one side. The low-voltage maintenance stage drove the oil to shrink with a whole block. The proposed rising ramp was pushed the oil into a corner quickly. The experimental results showed that the oil splitting can be suppressed effectively by applying the proposed driving waveform. The aperture ratio of the proposed driving waveform was 2.9% higher than that of the square waveform with the same voltage.
Keywords: driving waveform, electrowetting display, oil-splitting, modeling and simulation, oil movement
INTRODUCTION
Electrowetting (EW) is a phenomenon which can change the wettability of solid-liquid surface by using electric field [1]. The theory of EW was first proposed in 1981 [2]. In recent years, EW technology has been widely used in the chemical industry, bioengineering, display, and other fields [3–5]. Among them, the EWD is a new reflective display technology after electrophoretic display technology [6, 7]. Compared with conventional display technologies [8, 9], the EWD technology has the advantages of low power consumption, high contrast, fast response, and full color [10, 11], which is considered one of the most attractive emerging display technologies [12].
An EWD pixel is mainly composed of substrate, ITO (Indium Tin Oxides) guide electrode, hydrophobic insulation layer, pixel wall, colored oil, polar liquid, and top plate as shown in Figure 1 [13, 14]. A complete driving process of EWD can be divided into two stages. In the first stage, a suitable voltage is applied between upper and lower electrodes, the colored oil is pushed into a corner. The color of bottom substrate is displayed in pixels. When the voltage is removed, the hydrophobic layer is completely covered by the colored oil again. The color of colored oil is displayed in pixels [15].
[image: Figure 1]FIGURE 1 | Pixel structure of an EWD panel. The structure includes a top plate, ITO, fluid (colored oil and polar liquid), pixel wall, hydrophobic insulating layer, and substrate. The pixel wall is hydrophilic, and the hydrophobic insulating layer is hydrophobic and lipophilic.
At present, there are still some defects in EWDs, such as oil-splitting, charge trapping, oil overflow, and so on [10]. To solve these defects and further improve the display performance of EWDs, many researchers have made many attempts. For example, a three-dimensional EWD model was established and the process of fluid flow was simulated. In the simulation, the principle of phase-field was used to simulate the movement of oil interface successfully, and the influence of contact angle of the pixel wall on oil-splitting was studied [16]. However, the problem of oil-splitting caused by high voltage had not been solved. For oil-splitting, the influence of surface tension and contact angle in the fluid was considered. Through model simulation and numerical analysis, the influence of contact angle and surface tension on oil-splitting was proved [17]. In addition, the oil-splitting was affected by the oil thickness. The oil in the EWDs pixel was non-uniform, and the oil was split at the thinnest point [18]. However, the influence of thickness change on the process of oil movement was not considered. To suppress the oil-splitting, a driving waveform which consisted of four stages: starting, rising, displaying, and recovering was proposed. Starting from a low voltage to drive the oil can suppress oil-splitting effectively [19]. However, the speed of oil movement was slowed down.
In order to suppress the oil-splitting, a simulation model was established by COMSOL Multiphysics software. The relationship between electrostatic field force and oil shape change was studied by this model. And then, the change characteristic of oil shape was obtained in a switch-on process. According to this characteristic, a driving waveform which can suppress the oil-splitting effectively was proposed.
NUMERICAL METHODOLOGY
The simulation of EWDs was implemented by establishing and calculating numerical equations. It was done to track the change of the oil-water interface in the model [20]. By using COMSOL Multiphysics software and Finite-Element method to simulate Two-Phase laminar flow with the electrostatic field, the physical field of laminar flow was coupled with the phase-field and the electrostatic field [21]. The finite element analysis method can be used to solve numerical calculation problems including the Cahn-Hilliard equation, Laplace equation, and Navier-Stokes equation [22]. Meanwhile, to solve Maxwell’s stress tensor equation, an electrostatic field module was added to the simulation. The electrostatic field force of the electrostatic field module was fed back into the laminar flow module. The Navier-Stokes equation and phase-field equation were solved according to specified boundary conditions and calculation results of electrostatic field.
Governing Equations
Phase-field is used to describe the dynamic process of a two-phase flow interface. The movement of interface is tracked indirectly by solving two equations. One of them is used to solve phase-field variable [image: image] and the other is used to solve the mixed energy density [image: image] [16, 23, 24]. The position of the interface is determined by minimum free energy [23]. A large number of data have been proved that the phase-field method could effectively predict droplet movement on the solid surface [25, 26]. Eqs. 1–3 represent the governing equation of phase-field [27]. Eq. 4 describes the relationship between [image: image] and [image: image].
[image: image]
[image: image]
[image: image]
[image: image]
Where [image: image] is the energy density and [image: image] is the capillary width. Eq. 3 describes the relationship between these two parameters and the surface tension coefficient [image: image]. The [image: image] is the mobility parameter and [image: image] is the mobility tuning parameter in Eq. 4. [image: image] was set to 1 for oil and −1 for water. In order to couple the electrostatic field with the laminar flow field, the dielectric constant, density, and viscosity between diffusion interfaces need to be calculated by Eqs. 5–7.
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Where [image: image], [image: image], and [image: image] represent the density, viscosity, and dielectric constant of fluids, respectively. The mean curvature between the two liquids interfaces was calculated by Eqs. 8,9 [27].
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Where [image: image] and [image: image] represent the mean curvature and the chemical potential, respectively.
The laminar flow field can be solved by the Navier-Stokes equation and continuity equation [28]. The Navier-Stokes equation is described as Eq. 10. To depict the movement of two immiscible liquids, the transport of mass and momentum are governed by incompressible Navier–Stokes equations.
[image: image]
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Where [image: image], [image: image], [image: image], and [image: image] represent the velocity, pressure, density, and dynamic viscosity of the fluid respectively. Each term in Eq. 10 corresponds to the inertial force, pressure, viscous force, and external force, respectively. The external force consists of surface tension, gravity, and a volume force, the [image: image], [image: image] and [image: image] represent the surface tension, gravity acceleration, and volume force, respectively.
As stated in Eqs. 10,11, the coupling between the laminar flow field and the electrostatic field is achieved by applying the electrostatic volume force to the Navier-Stokes equation. The electrostatic field force is the main factor that can cause fluid-flowing [16]. In addition, the electrostatic field force can be obtained by calculating the divergence based on Maxwell Stress Tensor (MST) [16], and the calculation is expressed in Eq. 12.
[image: image]
MST formula is described by Eq. 13.
[image: image]
Where [image: image] is the identity matrix, [image: image] is the electric field and [image: image] is the electric displacement field, and their relationship is described by Eqs. 14,15.
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In a two-dimensional model simulation, the MST is expressed as Eq. 16.
[image: image]
Eq. 17 can be obtained by substituting parameters.
[image: image]
Where [image: image] and [image: image] represent the horizontal and vertical electric fields respectively. The variation of volume force caused by the electrostatic field acts on the interface between oil and water, and the calculation can be expressed in Eq. 18.
[image: image]
When an electric field is applied, the water is in contact with the hydrophobic insulation layer with the action of electrostatic field force [29, 30], the electrostatic field force can be described by Eq. 19.
[image: image]
Where [image: image], [image: image] and [image: image] represent the thickness of the hydrophobic insulation layer, dielectric constant, and electric field strength on the hydrophobic insulation layer, respectively. Therefore, the force balance on the contact line can be derived from the Lippmann-Young equation, as shown in Eq. 20.
[image: image]
Where [image: image], [image: image], and [image: image] are the EW contact angle, Young’s contact angle of the hydrophobic dielectric layer, and the surface tension, respectively.
Boundary Conditions
In the simulation model, boundary conditions are the prerequisites for determining the solution of governing equations on the boundary. The zero-charge boundary condition should be set on all sides of the model. For electrostatic field boundary conditions, the voltage V and the ground need to be specified. The wetted wall, the initial interface, and the outlet need to be specified in phase-field boundary conditions. The wetted wall boundary can be calculated by Eqs. 21,22.
[image: image]
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The interface of the two-phase flow was selected as an initial boundary condition. Both sides of the model (except the pixel walls) were selected as inlet and outlet boundary conditions. In addition, initial values of pressure and velocity in the laminar flow field were set to 0. The wall condition was set to no slip. These setting of boundary conditions were shown in Figure 2. The dotted box in Figure 2 represents the symmetric boundary condition.
[image: Figure 2]FIGURE 2 | The boundary conditions for the electrostatic field, phase field, and laminar flow field. Where [image: image], [image: image], [image: image], and [image: image] represents the velocity, pressure, contact angle, and voltage of the boundary conditions respectively. The pixel wall and outlet are symmetrical boundary conditions.
PROCESS AND DISCUSSION
The parameters used in the simulation were shown in Table 1. The fluid (oil and water) in the model was set to incompressible flow. It was assumed that the temperature (25°C) was kept constant during the fluid movement, so the thermal expansion of the fluid was ignored. The influence of pressure on dynamic viscosity was ignored. In addition, the Bond number describes the relationship between gravity and surface tension in the EWDs model, and it is far less than 1. So the gravity can be neglected [16]. In the simulation, the polar liquids were replaced by water [31].
TABLE 1 | Structure, material, and interface parameters of the model.
[image: Table 1]The proposed simulation model was shown in Figure 2. The natural spreading and shrinking process of oil were realized in this model. To describe the display performance of EWDs, it is necessary to calculate the aperture ratio. The aperture ratio is an important performance index of EWDs, which is a proportion of opening area in a whole pixel [20]. When the aperture ratio was calculated in two dimensions, the bottom of the EWD was considered as a square, and [image: image] is used to represent the aperture ratio, [image: image] is the length of the contact line between the oil and the hydrophobic insulating layer in two dimensions structure, and [image: image] is the area of the hydrophobic insulating layer. The aperture ratio was calculated by using Eq. 23.
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When the electric field inside a pixel was analyzed, the electric field formula was used, as shown in Eq. 24. Where [image: image], [image: image], [image: image] represents the electric field, the voltage, and the distance between the two potentials, respectively.
[image: image]
In this paper, the EWD model was implemented by COMSOL Multiphysics 5.4. The aperture ratio test platform was shown in Figure 3. This test platform included a waveform editing system, a signal amplifier, and a detection system. The waveform editing system was used to edit and generate waveform signals, which was consisted of a computer and a function signal generator. The signal was amplified by the signal amplifier to drive the oil. The detection system was used to collect oil movement image of EWD panel in real time, which was consisted of a high-speed camera and an image processing system. The aperture ratio was obtained by the image processing platform.
[image: Figure 3]FIGURE 3 | An aperture ratio test platform for EWDs (A) A waveform editing system (B) A function signal generator (C) A signal amplifier (D) A high-speed camera and a microscope (E) An image processing system.
Influence of Dynamic Viscosity
The dynamic viscosity is an important parameter in fluid. The dynamic viscosity of oil can affect the aperture ratio and response time [20]. The response time is expressed as T. In one driving cycle, the time for applying the driving waveform is represented by T1, and the time when the pixel reaches the maximum aperture ratio is represented by T2. The response time is equal to the difference between T2 and T1. In this paper, an experiment of oil dynamic viscosity from 0.0005 Pa·s to 0.003 Pa·s with an interval of 0.0005 Pa·s was designed, and the experimental results were shown in Figure 4. When the dynamic viscosity was changed from 0.002 Pa·s to 0.003 Pa·s, the response time was shorter and the aperture ratio was larger. Figure 5 showed that when the dynamic viscosity of oil was less than 0.0015 Pa·s, the oil was split into two pieces. Otherwise, the oil was pushed into a corner with a whole block. Therefore, the oil with a dynamic viscosity from 0.002 Pa·s to 0.003 Pa·s should be selected in current conditions. Figure 6 showed the process of a switch-on and a switch-off in a pixel with specific conditions. The conditions were that the voltage was 32 V and the oil dynamic viscosity was 0.002 Pa·s. The results showed that the oil was pushed into a corner with a whole block. So, the dynamic viscosity of oil was set to 0.002 Pa·s.
[image: Figure 4]FIGURE 4 | The influence of oil dynamic viscosity on pixel aperture ratio and response time.
[image: Figure 5]FIGURE 5 | The influence of oil with different dynamic viscosity on oil-splitting. When the dynamic viscosity of the oil was higher than 0.0015 Pa·s, the oil was pushed with a whole block. Otherwise, the oil was divided into two pieces.
[image: Figure 6]FIGURE 6 | In COMSOL software, the movement process of oil and water (black represents oil, light yellow represents water) was intercepted (A) After applying 32 V voltage, the oil was shrunk with the action of electrostatic field force, which was completed in 4 ms. (B) When the driving voltage was removed, the oil was naturally spread, and the process was completed in 6 ms.
Influence of Driving Waveforms
In a pixel, the voltage of driving waveform was converted into electrostatic field force and applied to the water and oil. In the simulation, the gradually increasing voltage was set by the parametric scanning method, and the results were shown in Figure 7. When the voltage was lower than 16 V, the shape of oil was squeezed down at both sides of a pixel, but the oil was not split. When the voltage was changed from 16 to 36 V, the aperture ratio was almost increased linearly. When the voltage was higher than 36 V, the aperture ratio was increased slowly and reached the maximum. At the same time, the oil was split into two pieces. The blue curve in Figure 7 represented the maximum aperture ratio of an actual EWD pixel when the voltage was changed from 16 to 36 V. The length and width of an actual pixel were 150 and 150 μm, respectively. The aperture ratio of the actual pixel was measured on the test platform in Figure 3. The results showed that the value of simulation was close to the actual before 20 V. In the range of 20–28 V, the simulation value was 4.3% higher than the actual, and in the range of 28–36 V, the simulation value was 10.5% higher than the actual. Altogether, the trends between these two were consistent. Therefore, the accuracy of this simulation model was verified.
[image: Figure 7]FIGURE 7 | The aperture ratio between simulation and an actual pixel. When the voltage was changed from 16 to 36 V, the change curve of aperture ratio between the actual pixel and simulation was obtained. The length and width of an actual pixel were 150 and 150 μm respectively. The changing trend of aperture ratio was consistent between simulation and actual EWD pixel.
The driving waveform has influence on the movement of oil [32–34]. To comprehend the acceleration ability of oil with the action of driving waveforms in one cycle, these driving waveforms with a different rising slope were designed, as shown in Figure 8. The change of aperture ratio with the action of four driving waveforms was shown in Figure 9. With the slope increased, the response time was shorter. When the slope was infinite (square waveform), the oil was split into two pieces. The experimental data showed that the moment when the pixel reached the maximum aperture ratio later than the moment that the driving waveform reached the maximum voltage for 2–5 ms. The greater the slope, the stronger the oil acceleration. So, a maintenance period of 2–5 ms should be set to drive a pixel for reaching the maximum aperture ratio. It took more than 6 ms in the natural spreading stage.
[image: Figure 8]FIGURE 8 | Four driving waveforms with different slopes were designed. The starting voltage was set to 16 V. K in the cleft was the slope, and the slopes of the four waveforms are 50, 100, 200, and infinite, respectively. The effective driving cycle was 10 ms, and the latter 10 ms was set to 0 V.
[image: Figure 9]FIGURE 9 | The pixel aperture ratio was obtained with four driving waveforms.
Relationship Between Electrostatic Field Force and Oil Movement
The forces on the fluid can be divided into volume force and external force. The volume force can be divided into surface tension and electrostatic field force. The electrostatic field force is a key factor that affects the oil movement of EWDs [35, 36]. To obtain the relationship between the movement status of oil with a whole block and the internal electrostatic field force. Parameters were determined based on Waveform 2 in Figure 8, the voltage was set to 32 V and the oil dynamic viscosity was 0.002 Pa·s.
The change of the internal electric field inside a pixel was shown in Figure 10. In the vertical direction, the internal space of the pixel was divided into a water channel and an oil-water mixed channel. As shown in Figure 10B, the internal space of the pixel can be divided into areas 1, 2, 3, and 4, respectively, areas 1, 3 were oil-water mixed channels, and areas 2, 4 were water channels. E1, E2, E3, and E4 represented the internal electric fields formed by areas 1, 2, 3, and 4, respectively. In the analysis process, the water with a high dielectric constant (80) as a conductor of electricity and oil as an insulator was considered. According to Eq. 24, the internal voltage U was 0 V in the water channel, so the internal electric field E was 0 (V/m). In the area of the oil-water mixed channel, if U remained unchanged and d was increased, the internal electric field was decreased. On the contrary, the internal electric field was increased. Therefore, the internal electric field force was proportional to the thickness of the oil, and the oil was split easier in the thin area. The red arrows in Figure 10B indicated the direction of the internal electric field. When the water was considered as a conductor of electricity, the voltage at the oil-water interface was the same. As the height of the oil increased, the electric field at the high of the oil was smaller, and the electric field at both sides was greater than the highest. Therefore, a non-uniform electric field was formed in the oil, and the oil formed a spherical cap shape with the action of the non-uniform internal electrostatic field.
[image: Figure 10]FIGURE 10 | The change of the internal electric field inside of a pixel (A) The internal electric field of the initial interface (B) The internal electric field in the process of oil movement. E1, E2, E3, and E4 represented the internal electric fields formed by areas 1, 2, 3, and 4, respectively.
The change of the internal electrostatic field force inside a pixel was shown in Figure 11. The result was obtained by the integral calculation of electrostatic field forces in a pixel space (except the pixel walls). When the oil was in State 1, a new water channel was formed in the oil ruptured area, and the internal electric field was reduced in this area. So, the electrostatic field force was reduced at this stage. Then, the voltage was increased linearly, the electric field in the pixel space was increased overall. As a result, the electrostatic field force was also increased. When the oil became State 2, the oil was pushed to the highest. Although the voltage kept the maximum, the internal electrostatic field force was reduced. This was mainly due to the larger water channel area.
[image: Figure 11]FIGURE 11 | The relationship between fluid status and electrostatic field force. Taking Waveform 2 as the input term, the electrostatic field force in a pixel space was integrated, and the results of the electrostatic field force in the driving period were obtained.
DRIVING WAVEFORM DESIGN FOR SUPPRESSING OIL-SPLITTING
In a two-dimensional EWD model simulation, a pixel switch-on process can be divided into three stages. In the first stage, oil was ruptured randomly on one side of a pixel. The other side was squeezed down, but not ruptured. This stage was maintained about 1 ms. In the second stage, oil was continuously squeezed, the oil was driven both vertically and horizontally with the action of the non-uniform electrostatic field force. If the voltage was large enough, oil on the side which was not ruptured previously was split. This stage was maintained about 2–5 ms. In the third stage, oil was driven horizontally, and the height of oil was almost unchanged. By analyzing these stages, the conclusions were obtained as follows. The oil was thin and the electrostatic field force applied to the oil was large in the first stage. When a high voltage more than 36 V was applied, the oil was split into two pieces. The oil-splitting appeared in the first and second stages. So, combined with the analysis of oil movement in the first and second stages, a driving waveform was proposed for suppressing the oil-splitting. The proposed driving waveform was divided into three stages as shown in Figure 12. In the first stage, the waveform started at 36 V (high voltage), then was dropped to 30 V rapidly, and maintained for 0.5 ms, respectively. The purpose of this stage was mainly to drive the oil to rupture on one side. In stage 2, the voltage value was maintained at 30 V for 2.5 ms. At this stage, oil was mainly driven in one direction horizontally. In stage 3, when the oil was pushed thick enough, the voltage can be increased, and the oil was not split anymore. This stage was to improve the response speed of the pixel. When the square waveform was applied to this model, the oil was split into two pieces at 1.5 ms as shown in Figure 13A, and then the oil was driven to the middle of a pixel at 5 ms. When the proposed driving waveform was applied to this model, the oil was pushed a corner with a whole block as shown in Figure 13B. The result showed that the proposed driving waveform can effectively suppress oil-splitting, and the aperture ratio was increased by 2.9% compared to the square waveform.
[image: Figure 12]FIGURE 12 | The proposed driving waveform and the traditional square waveform. The proposed driving waveform had three stages which were maintained for 1 ms, 2.5 ms, and 5.5 ms, respectively, and the period of the square waveform and the proposed driving waveform were both 18 ms. The rest of the blue curve overlapped with the square waveform.
[image: Figure 13]FIGURE 13 | When the proposed driving waveform and the square waveform were applied, the change of oil status was obtained (A) With the driving of the square waveform, the oil was split into two pieces, the aperture ratio was 76.67% (B) With the driving of the proposed driving waveform, the oil was pushed into a corner with a whole block, and the aperture ratio was 78.89%.
CONCLUSION
In this paper, a two-dimensional EWD model was established. This model was used to simulate the influence of dynamic viscosity, voltage, and waveform on oil-splitting. The oil was easily broken into two pieces with a high voltage. In addition, the internal electrostatic field force and oil movement were affected by each other. On the basis of the traditional square waveform, the proposed narrow falling ramp drove the oil to rupture quickly on one side of a pixel. The proposed low voltage maintenance stage can effectively suppress the oil-splitting. After applying this optimized waveform, the aperture ratio of a pixel was increased. The simulation model can provide a prediction scheme for the selection of oil and the design of the driving system in practical application. By adjusting part of the structure or material parameters of the model, it can be applied to other schemes of EWDs.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
SL, HS, and QZ: investigation, methodology, formal analysis, editing.SL: writing – review, and editing. All authors contributed to the article and approved the submitted version.
FUNDING
Supported by the National Key Research and Development Program of China (2016YFB0401501), Program for Guangdong Innovative and Enterpreneurial Teams (No. 2019BT02C241), Science and Technology Program of Guangzhou (No. 2019050001), Program for Chang Jiang Scholars and Innovative Research Teams in Universities (No. IRT_17R40), Guangdong Provincial Key Laboratory of Optical Information Materials and Technology (No. 2017B030301007), Guangzhou Key Laboratory of Electronic Paper Displays Materials and Devices (201705030007), and the 111 Project.
REFERENCES
 1. Jones TB.An Electromechanical Interpretation of Electrowetting. J Micromech Microeng (2005) 15(6):1184–7. doi:10.1088/0960-1317/15/6/008
 2. Beni G., Hackwood S.. Electro-wetting Displays. Appl Phys Lett (1981) 38(4):207–9. doi:10.1063/1.92322
 3. Bai PF., Hayes RA., Jin M., Shui L., Yi ZC. Wang L., et al. Review of Paper-Like Display Technologies (Invited Review). Pier (2014) 147:95–116. doi:10.2528/PIER13120405
 4. Yi Z., Feng H., Zhou X., Shui L.Design of an Open Electrowetting on Dielectric Device Based on Printed Circuit Board by Using a Parafilm M. Front Phys (2020) 8:193. doi:10.3389/fphy.2020.00193
 5. Feng H., Yi Z., Yang R., Qin X., Shen S. Zeng W., et al. Designing Splicing Digital Microfluidics Chips Based on Polytetrafluoroethylene Membrane. Micromachines (2020) 11(12):1067. doi:10.3390/mi11121067 
 6. Wang L., Yi Z., Jin M., Shui L., Zhou G.Improvement of Video Playback Performance of Electrophoretic Displays by Optimized Waveforms with Shortened Refresh Time. Displays (2017) 49:95–100. doi:10.1016/j.displa.2017.07.007
 7. Shen S., Gong Y., Jin M., Yan Z., Xu C. Yi Z., et al. Improving Electrophoretic Particle Motion Control in Electrophoretic Displays by Eliminating the Fringing Effect via Driving Waveform Design. Micromachines (2018) 9(4):143. doi:10.3390/mi9040143 
 8. Li JS., Tang Y., Li ZT., Li JX., Ding XR. Yu BH., et al. Toward 200 Lumens Per Watt of Quantum-Dot White-Light-Emitting Diodes by Reducing Reabsorption Loss. ACS Nano (2021) 15(1):550–62. doi:10.1021/acsnano.0c05735 
 9. Li Z., Cao K., Cao K., Li J., Tang Y. Ding X., et al. Review of Blue Perovskite Light Emitting Diodes with Optimization Strategies for Perovskite Film and Device Structure. Opto-Electronic Adv (2021) 4(2):20001901–15. doi:10.29026/oea.2021.200019
 10. Li W., Wang L., Zhang T., Lai S., Liu L. He W., et al. Driving Waveform Design with Rising Gradient and Sawtooth Wave of Electrowetting Displays for Ultra-low Power Consumption. Micromachines (2020) 11(2):145. doi:10.3390/mi11020145 
 11. Yi Z., Huang Z., Lai S., He W., Wang L. Chi F., et al. Driving Waveform Design of Electrowetting Displays Based on an Exponential Function for a Stable Grayscale and a Short Driving Time. Micromac (2020) 11(3):313. doi:10.3390/mi11030313 
 12. Jin M., Shen S., Yi Z., Zhou G., Shui L. Optofluid-Based Reflective Displays. Micromac (2018) 9(4):159. doi:10.3390/mi9040159 
 13. Yi Z., Shui L., Wang L., Jin M., Hayes RA., Zhou G.A Novel Driver for Active Matrix Electrowetting Displays. Displ (2015) 37:86–93. doi:10.1016/j.displa.2014.09.004
 14. Yi Z., Liu L., Wang L., Li W., Shui L., Zhou G. A Driving System for Fast and Precise Gray-Scale Response Based on Amplitude-Frequency Mixed Modulation in TFT Electrowetting Displays. Micromac (2019) 10(11):732. doi:10.3390/mi10110732 
 15. Liu L., Bai P., Yi Z., Zhou G.A Separated Reset Waveform Design for Suppressing Oil Backflow in Active Matrix Electrowetting Displays. Micromac (2021) 12(5):491. doi:10.3390/mi12050491
 16. Hsieh WL., Lin CH., Lo KL., Lee KC., Cheng WY., Chen KC.3D Electrohydrodynamic Simulation of Electrowetting Displays. J Micromech Microeng (2014) 24(12):125024. doi:10.1088/0960-1317/24/12/125024
 17. Walker S. W., Shapiro B. Modeling the Fluid Dynamics of Electrowetting on Dielectric (EWOD). J Microelectromech Syst (2006) 15(4):986–1000. doi:10.1109/JMEMS.2006.878876
 18. Zhou M., Zhao Q., Tang B., Groenewold J., Hayes RA., Zhou G.Simplified Dynamical Model for Optical Response of Electrofluidic Displays. Displ (2017) 49:26–34. doi:10.1016/j.displa.2017.05.003
 19. Luo Z., Fan J., Xu J., Zhou G., Liu S.A Novel Driving Scheme for Oil-Splitting Suppression in Electrowetting Display. Opt Rev (2020) 27(4):339–45. doi:10.1007/s10043-020-00601-z
 20. Roques-Carmes T., Hayes RA., Schlangen LJM.A Physical Model Describing the Electro-Optic Behavior of Switchable Optical Elements Based on Electrowetting. J Appl Phys (2004) 96(11):6267–71. doi:10.1063/1.1810192
 21. Yang G., Zhuang L., Bai P., Tang B., Henzen A., Zhou G. Modeling of Oil/Water Interfacial Dynamics in Three-Dimensional Bistable Electrowetting Display Pixels. ACS Omega (2020) 5(10):5326–33. doi:10.1021/acsomega.9b04352 
 22. Kim J.. Phase-Field Models for Multi-Component Fluid Flows. Commun Comput Phys (2012) 12(3):613–61. doi:10.4208/cicp.301110.040811a
 23. Zhao Q., Tang B., Dong B., Li H., Zhou R. Guo Y., et al. Electrowetting on Dielectric: Experimental and Model Study of Oil Conductivity on Rupture Voltage. J Phys D: Appl Phys (2018) 51(19):195102. doi:10.1088/1361-6463/aabb69
 24. Yue P., Feng JJ., Liu C., Shen J.A Diffuse-Interface Method for Simulating Two-phase Flows of Complex Fluids. J Fluid Mech (2004) 515:293–317. doi:10.1017/S0022112004000370
 25. Yurkiv V., Yarin AL., Mashayek F. Modeling of Droplet Impact onto Polarized and Nonpolarized Dielectric Surfaces. Langmuir (2018) 34(34):10169–80. doi:10.1021/acs.langmuir.8b01443 
 26. Zhu G., Yao J., Zhang L., Sun H., Li A., Shams B.Investigation of the Dynamic Contact Angle Using a Direct Numerical Simulation Method. Langmuir (2016) 32(45):11736–44. doi:10.1021/acs.langmuir.6b02543 
 27. Cahn JW., Hilliard JE.. Free Energy of a Nonuniform System. I. Interfacial Free Energy. J Chem Phys (1958) 28(2):258–67. doi:10.1063/1.1744102
 28. Dolatabadi A., Arzpeyma A., Wood-Adams P., Bhaseen S. A Coupled Electro-Hydrodynamic Numerical Modeling of Droplet Actuation by Electrowetting. Colloids Surfa, A Physicoche Eng Aspects (2008) 323(1/3):28–35. doi:10.1016/j.colsurfa.2007.12.025
 29. Jones TB., Gunji M., Washizu M., Feldman MJ.Dielectrophoretic Liquid Actuation and Nanodroplet Formation. J Appl Phys (2001) 89(2):1441–8. doi:10.1063/1.1332799
 30. Jones TB., Fowler JD., Chang YS., Kim CJ.Frequency-based Relationship of Electrowetting and Dielectrophoretic Liquid Microactuation. Langmuir (2003) 19(18):7646–51. doi:10.1021/la0347511
 31. Jones TB.On the Relationship of Dielectrophoresis and Electrowetting. Langmuir (2002) 18(11):4437–43. doi:10.1021/la025616b
 32. Yi Z., Feng W., Wang L., Liu L., Lin Y. He W., et al. Aperture Ratio Improvement by Optimizing the Voltage Slope and Reverse Pulse in the Driving Waveform for Electrowetting Displays. Micromachines (2019) 10(12):862. doi:10.3390/m11012086210.3390/mi10120862 
 33. Feng HQ., Yi ZC., Sun ZZ., Zeng WJ., Wang L. Yang JJ., et al. A Spliceable Driving System Design for Digital Microfluidics Platform Based on Indium Tin Oxide Substrate. J Nanoelectronics Optoelectronics (2020) 15(9):1127–36. doi:10.1166/jno.2020.2838
 34. Zeng W., Yi Z., Zhao Y., Zeng W., Ma S. Zhou X., et al. Design of Driving Waveform Based on Overdriving Voltage for Shortening Response Time in Electrowetting Displays. Front Phys (2021) 9:642682. doi:10.3389/fphy.2021.642682
 35. Kang KH. How Electrostatic fields Change Contact Angle in Electrowetting. Langmuir (2002) 18(26):10318–22. doi:10.1021/la0263615
 36. Brabcova Z., McHale G., Wells GG., Brown CV., Newton MI. Electric Field Induced Reversible Spreading of Droplets into Films on Lubricant Impregnated Surfaces. Appl Phys Lett (2017) 110(12):121603. doi:10.1063/1.4978859
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lai, Zhong and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 16 July 2021
doi: 10.3389/fphy.2021.728804


[image: image2]
Review of Driving Waveform for Electrowetting Displays
Zichuan Yi1*, Hu Zhang1,2, Wenjun Zeng1,3, Haoqiang Feng3, Zhengxing Long3, Liming Liu1, Yunfeng Hu1, Xichen Zhou1 and Chongfu Zhang1,4
1School of Electronic Information, University of Electronic Science and Technology of China, Zhongshan Institute, Zhongshan, China
2School of Electronic Science and Engineering (National Exemplary School of Microelectronics), University of Electronic Science and Technology of China, Chengdu, China
3South China Academy of Advanced Optoelectronics, South China Normal University, Guangzhou, China
4School of Information and Communication Engineering, University of Electronic Science and Technology of China, Chengdu, China
Edited by:
Qiang Xu, Nanyang Technological University, Singapore
Reviewed by:
Ji-Pei Chen, Guangzhou University, China
Jia Liu, Inner Mongolia University of Science and Technology, China
* Correspondence: Zichuan Yi, yizichuan@163.com
Specialty section: This article was submitted to Optics and Photonics, a section of the journal Frontiers in Physics
Received: 22 June 2021
Accepted: 05 July 2021
Published: 16 July 2021
Citation: Yi Z, Zhang H, Zeng W, Feng H, Long Z, Liu L, Hu Y, Zhou X and Zhang C (2021) Review of Driving Waveform for Electrowetting Displays. Front. Phys. 9:728804. doi: 10.3389/fphy.2021.728804

Electrowetting display (EWD) is the most potential technology among new electronic paper technologies. It not only has the advantages of electrophoretic display (EPD) technology but also can realize color video playback. Therefore, this technology has been widely studied in recent years. Driving waveform is a voltage sequence which can drive pixels to display gray scales in EWDs. As one of the key technologies, it directly affects the display effect of pixels. In this paper, we give a review of the display principle of EWDs and the research status of driving waveforms. At the same time, the contact angle hysteresis, charge trapping, and oil splitting are also reviewed, which can provide a reference value for designing driving waveforms.
Keywords: electrowetting displays, driving waveform, charge trapping, response time, aperture ratio
INTRODUCTION
Display is one of the most important modes of human-computer interactions, and display devices play a key role in daily life. Along with the rapid increase of network information, people expect better displays to meet various requirements. At present, the most common displays are liquid crystal displays (LCD) and light-emitting diode (LED) displays [1, 2]. These self-luminous displays have the defect of high power consumption which can severely limit the using time of electronic products. Nevertheless, electronic paper displays, such as electrophoretic displays (EPDs) and electrowetting displays (EWDs), have the advantages of paper-like reading experience and low power consumption due to its reflective display. EPDs are the most widely used electronic paper. It has been widely used in e-books, e-labels, etc. However, it cannot achieve video playback and the luminance of color is not enough [3–6]. As a result, many scholars began to pay attention to EWDs for obtaining better paper-like display performance in recent years.
The principle of EWDs was first proposed by Beni in 1981 [7]. In 2003, Hayes and Feenstra have successfully demonstrated that the electrowetting technology can be used to form a basis of a new reflective display. Its display principle is to utilize the voltage-controlled movement of a colored oil [8]. As a new reflective electronic paper display, EWDs have excellent display characteristics, such as paper-like reading experience [9, 10]; low power consumption [11, 12]; color display [13–16]; fast response speed which can meet the requirements of video playback [17]; low manufacturing cost because part of the manufacturing process is the same as LCDs [18, 19]. Hence, EWD technology becomes the most potential paper-like display technology. The voltage sequence which can control gray scales in EWDs is driving waveform [20–23]. The earliest driving waveform of EWDs is a pulse width modulated (PWM) square wave [24]. However, some defects are caused by this driving waveform, such as gray scale distortion which is caused by contact angle hysteresis [25–28]; maximum aperture ratio is reduced due to oil splitting [29–31]; oil backflow caused by charge trapping in the hydrophobic insulator [32–36]. The movement of oil is directly controlled by the driving waveform, the optimization of driving waveform can affect the display effect of EWDs. Hence, the equivalent circuit models, capacitor-voltage (C-V) characteristics and contact angle hysteresis characteristic of EWDs have been studied by scholars, and some new driving waveforms were proposed for better performance of EWDs.
In this paper, driving waveforms of EWDs are summarized, and classified with different categories according to functions. It includes optimizing contact angle hysteresis, reducing charge trapping and oil splitting. The display quality of EWDs was greatly improved by these driving waveforms. Furthermore, it provided an important reference for the further study of EWDs.
PRINCIPLE
Principle of Electrowetting Displays
EWD is essentially an optical switch [37, 38]. Its structure is shown in Figure 1A. Each pixel is composed of a hydrophobic insulating layer, colored oil, polar liquid, pixel walls, a electrode which is made by ITO (Indium tin oxide) glass, a substrate. The colored oil is controlled by driving voltage to turn pixels on or off. The state of oil shrinkage can be described by the contact angle. The Lippmann-Young equation is considered as the basic theory of electrowetting technology. As shown in Eq. 1 [39–42]. The relationship between the voltage and the contact angle can be described by this equation.
[image: image]
Where [image: image] is the contact angle when the driving voltage is V. [image: image] is the contact angle when the driving voltage is 0 V [image: image] is a vacuum dielectric constant and [image: image] is a relative dielectric constant. [image: image] is the thickness of a hydrophobic insulation layer, [image: image] is interfacial tension between oil and electrolyte solution. [image: image] is the driving voltage.
[image: Figure 1]FIGURE 1 | The structure of an EWD pixel and the phenomenon of defects in EWDs. (A) The whole pixel is covered with oil and the color of oil is displayed when the driving voltage is 0 V. (B) Phenomenon of contact angle hysteresis. The blue curve is the aperture ratio when the driving voltage is increased from 0 to 30 V, and the red curve is the aperture ratio when the driving voltage is decreased from 30 to 0 V. (C) Phenomenon of charge trapping. When the oil shrinks to one corner of a pixel, the charge distribution in a pixel. Charge trapping would be caused when the interaction between ions and hydrophobic insulating layer is stronger than that between ions and conductive liquid. (D) Phenomenon of oil splitting. [image: image] is the colored oil which shrinks to one corner of a pixel. [image: image] and [image: image] are oil which is split into two parts.
When the driving voltage is 0 V, the contact angle is approximately equal to zero due to Lippmann-Young equation. At this stage, because the oil is spread on the substrate, the pixel displays the color of colored oil, as shown in Figure 1A. With the increase of driving voltage, the electric field force is increased. Therefore, the oil original force balance is broken and oil begins to shrink to one corner of a pixel. The oil completely shrinks in one corner of the pixel when the voltage increases to [image: image]. The aperture ratio cannot become bigger when the voltage is greater than [image: image] [43]. The value of [image: image] depends on the size of the pixel and the thickness of hydrophobic insulating layer. At this stage, the pixel displays the color of substrate. Therefore, the pixel can display different gray scales by applying different driving voltages [44–47].
Contact Angle Hysteresis
Ideally, in the process of driving voltage rise or fall, the aperture ratio of the same driving voltage value should be the same. But experimental result is completely inconsistent with the expectation. The relationship between aperture ratio and voltage when the driving voltage rises from 0 to 30 V and falls from 30 to 0 V can be tested, respectively. As shown in Figure 1B [48]. The blue curve represents the relationship between the aperture ratio and the voltage when the driving voltage is rising. The red curve represents the relationship between the aperture ratio and the voltage when the driving voltage is falling. When the driving voltage is close to 0 and 30 V, the aperture ratio of these two curves almost coincide. But the difference of the aperture ratio is big when the driving voltage is in the middle stage. When the aperture ratio increases as the voltage increases, the contact angle is called as advancing angle. On the contrary, when the aperture ratio decreases as the voltage decreases, the contact angle is called as receding angle. Therefore, this distortion is called contact angle hysteresis [48]. The accurate gray scale display cannot be achieved because of this phenomenon.
Charge Trapping
Theoretically, the aperture ratio of a pixel is related to the applied voltage due to Lippmann-Young equation. But the oil can backflow when the same voltage is applied continuously. Thus, the aperture ratio is reduced. It has been found that some charge is trapped in the hydrophobic insulator when driving voltage is applied to EWDs [49]. The charge distribution is shown in Figure 1C. A three-phase contact line is formed where the oil, water and hydrophobic insulator are in contact. Positive ions gather on the three-phase contact line, and then, the nearby electric field can be distorted. The backflow can be caused due to the imbalance between Laplace pressure and Maxwell pressure at the three-phase contact line [50]. It can also reduce the maximum aperture ratio of EWDs.
Oil Splitting
Ideally, the oil shrinks in one corner of a pixel when driving voltage is applied to EWD in the process of oil shrinkage. However, oil may be split to two or more parts. The reason is that the charges in the hydrophobic insulator can cause a sudden change in electric field. When the capacitance value of a pixel increases rapidly, it is likely to cause oil splitting [51]. As shown in Figure 1D, the oil is divided into [image: image] and [image: image] from [image: image] in a pixel. The areas covered by oil are [image: image], [image: image], [image: image]. The sum of [image: image] and [image: image] is greater than [image: image]. Therefore, the aperture ratio becomes smaller when the oil is divided into two parts. The more the oil is divided, the smaller the aperture ratio.
DRIVING WAVEFORMS DESIGN
Driving Waveforms for Optimizing Contact Angle Hysteresis
The fundamental reason of contact angle hysteresis is the rough surface of hydrophobic insulation layer and the viscous resistance of two-phase liquid [52]. The precise gray scale cannot be displayed by EWDs because of contact angle hysteresis. The contact angle hysteresis can be reduced by optimizing driving waveforms. A multi-waveform adaptive driving scheme was proposed [53]. In this scheme, the contact angle hysteresis curves of EWDs driven by a square wave, a sine wave and a triangle wave were tested. Then, the optimal waveform of each stage could be selected by superimposing the three hysteresis curves, and an activation voltage sequence was added in front of the first stage. The maximum distortion caused by contact angle hysteresis could be effectively reduced by this driving scheme. Besides, the inhibitory effect of alternating current (AC) voltage on contact angle hysteresis was proved in another driving scheme [48].
Driving Waveforms for Reducing Charge Trapping and Oil Backflow
With an applied constant voltage, the shrinking oil cannot be maintained in a stable state because of charge trapping. This defect can also be solved by optimizing driving waveforms. A method showed that charge trapping can be reduced by a reverse electrode pulse voltage which takes a few milliseconds, and the proposed driving waveform is shown in Figure 2A [54]. Furthermore, the influence of oil backflow caused by charge trapping can also be reduced by the reset signal [55], as shown in Figure 2B. The proposed driving waveform was divided into a driving signal and a reset signal. The driving signal [image: image] and [image: image] were direct current (DC) signals. They were used to drive the pixel to a target gray scale, and the reset signal was used to release trapped charges. [image: image] in the reset signal was a driving recovery phase. It was used to obtain a faster gray scale response speed. But it has been proved that the higher the brightness of the target gray scale, the more serious the charge trapping [56]. Therefore, the dwell time of the reset signal needed to be adjusted according to the gray scale. However, the additional power consumption of EWDs caused by charge trapping and oil backflow cannot be reduced by these methods. A driving waveform with a rising gradient and a sawtooth wave was proposed to reduce the power consumption by reducing charge trapping [57]. The power consumption of various waveforms was compared, and the driving waveform is shown in Figure 2C. It was proved that the sawtooth wave can prevent oil backflow caused by charge trapping, and lower power consumption can be obtained by sacrificing the maximum aperture ratio. Besides, charge trapping can slow down the turn-off time of EWDs, which makes it difficult to achieve high quality video playback. It is important to solve this problem when the driving waveform is designed for video playback. The earliest two methods for video playback were amplitude modulation and pulse width modulation. These methods can divide the driving waveform into a display phase and a reset phase. The Charge trapping can be reduced due to the reset phase. But a multi-gray scale video could not be obtained in previous studies [58]. An improved multi-gray scales dynamic symmetrical driving waveform was proposed [59]. In this method, the display stage was divided into two identical parts. The probability of applying a constant voltage for a long time can be greatly reduced. Thus, this method could achieve 16 gray scales and reduce oil splitting and charge trapping.
[image: Figure 2]FIGURE 2 | Different driving waveforms. (A) The multi structural driving waveform was designed to increase aperture ratio. (B) Driving waveform with a rising gradient and a sawtooth wave was designed to reduce power consumption. (C) The driving waveform with a reset signal. The reset signal consisted of [image: image] and [image: image]. The driving signal [image: image] was a DC signal. The DC signal was used to drive the EWD to the target gray scale. (D) Amplitude-frequency mixed modulation driving waveform was designed to reduce response time. (E) The DC and AC mixed waveform. The DC driving stage was used to drive the EWD to the target gray scale and the AC driving stage was used to prevent oil backflow.
Driving Waveforms for Reducing Response Time
In order to obtain a higher frame rate video playback and a better display effect, it is necessary to shorten the response time of EWDs. There are several different methods to achieve this goal. First, although some defects are caused by contact angle hysteresis, the hysteresis curve can help to design new waveforms. An amplitude-frequency mixed modulation driving system was proposed according to the contact angle hysteresis, as shown in Figure 2D [60]. The driving voltage and driving time of each stage were determined by the hysteresis curve of a target gray scale. Next, a driving waveform based on an exponential function was proposed to reduce the response time [51]. The optimal time constant of the exponential function was designed by testing the influence of the time constant on the aperture ratio oscillation range. Then, it has been proved that excessive reverse voltage can cause a chemical reaction between water and ITO [50]. In order to solve this problem, a mixed DC and AC waveform was proposed, as shown in Figure 2E. The driving waveform was composed of two parts. The first part was a DC driving stage. It was used to drive pixels to reach target aperture ratios. The second part was an AC driving stage, and a reverse voltage was used to prevent oil backflow. This scheme could effectively reduce the response time. Lastly, due to the response speed of the oil was increased when the driving voltage was increased, the work showed that overdriving voltage can reduce the response time [61]. The influence of different overdriving voltages on response time was tested in this work.
Driving Waveforms for Reducing Oil Splitting
The reset frame is often used to solve the problem of charge trapping in EWDs. However, the reset frame could affect the instantaneous display state, such as flickers and the decrease of reflective luminance [57]. Therefore, a separated reset waveform was proposed to solve this problems [62]. The instantaneous reverse driving voltage can be achieved by adjusting the voltage of the common electrode. The charges can be released quickly with the overdriving voltage, and another lower instantaneous reverse driving can keep the oil active. In addition, DC balance is not complied in the improved multi-gray scales dynamic symmetrical driving scheme, which may cause polarization in EWDs. Therefore, a DC balanced driving waveform was proposed [63]. In this work, a long frame was divided into two short frames. In the two short frames, DC balance can be complied due to the reversal of polarity.
Generally, the oil splitting caused by the sudden change of electric field force could be prevented by a rising voltage. In a previous study, the sinusoidal waveform could reduce oil splitting effectively [64]. Therefore, a novel driving scheme was proposed to reduce oil splitting [65]. The driving voltage increased gradually from a value which was below the threshold voltage to a final voltage with a sinusoidal curve. It was proved that this driving waveform could reduce oil splitting and increase the aperture ratio of pixels.
CONCLUSION
The design of driving waveform plays a key role for improving the display quality of EWDs. In this paper, we reviewed new driving waveforms. At first, the shortcomings of EWDs were described, including contact angle hysteresis, charge trapping phenomenon and oil splitting. Then, driving waveforms for improving these shortcomings were classified. It provide a reference value for reducing response time, increasing aperture ratio and improving oil stability of EWDs. In the future, driving waveforms design would become an important part of driving system design with the development of EWDs, and an excellent driving waveform design is expected to achieve higher quality performance for EWDs.
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An electrophoretic display (EPD) is a kind of paper display technology, which has the advantages of ultra-low power consumption and readability under strong light. However, in an EPD-driving process, four stages are needed to finish the driving of a pixel erase original images, reset to black state, clear-to-white state, and write a new image. A white reference gray scale can be obtained before writing a new image, and this driving process may take too long for the comfort of reading. In this article, an EPD-driving waveform, which takes the black state as the reference gray, is proposed to reduce the driving time. In addition, the rules of direct current (DC) balance are also followed to prevent the charge from getting trapped in the driving backplane. The driving process is fused and there are two stages in the driving waveform: reset to black state and write the next image. First, the EPD is written to a stable black state according to the original gray scale driving waveform and the black state is used as the reference gray for the next image. Second, the new image is written by the second stage of the new driving waveform. The experimental results show that the proposed driving waveform has a better performance. Compared with the traditional driving waveform which has four stages, the driving time of the new driving waveform is reduced by nearly 50%.
Keywords: electrophoretic display, driving waveform, driving process, reference gray scale, direct current balance
INTRODUCTION
EPD has become the most widely used paper-like display due to its good market potential. As a reflective display technology, the light reflection characteristic provides it with a paper-like comfortable reading experience [1–4]. In addition, EPDs also have the advantages of ultra-low power consumption and a good bistable characteristic [5, 6]. Therefore, EPDs have been widely used in electronic labels, e-books, etc. But video playback cannot be achieved due to the long response time of EPDs [7]. Particles in microcapsules of EPDs are driven by voltages, and pixels can display different gray scales by adjusting the position of particles [7–10]. The voltage sequence which can drive particles to display gray scales is called the driving waveform. Hence, it is of great significance to reduce the response time and improve the display effect by optimizing the driving waveform design [11, 12].
A traditional driving waveform can be divided into four stages: erasing the original image, resetting to the black state, clearing to the white state, and writing a new image [13–15]. When a particle is in a same position for a long time, its mobility is much lower than that of other particles. The particle activity can be improved by resetting to the black state and clearing to the white state [16–18]. This driving process may be continued from hundreds of milliseconds to 1 s [19, 20]. Therefore, there are some scholars who have conducted a series of research on the driving waveform, and some principles and methods of driving waveform editor are put forward to shorten the driving time or reduce flickers. Kao et al. [21] studied the property of the suspension viscosity, characterized the response latency of the EPD, and put forward a new driving waveform, which set the white gray scale as a reference gray scale, to shorten the driving time and reduce the number of flickers. However, the proposed driving method did not take into account an important factor-DC balance. Moreover, the reference gray scale is unstable. Wang et al. [22] used four kinds of screen update modes to update the EPD according to different images, and it could improve the update speed. However, the form of driving waveforms in four modes was not changed, and it could not improve the refresh speed fundamentally. In a traditional driving waveform, stages of resetting to the black state and clearing to the white state are longer than the other two stages [23, 24], so some scholars have studied new driving schemes to reduce the driving time of these two stages. Yi et al. [25] found that high-frequency voltage can be used to activate particles, and the new driving waveform could effectively reduce the ghost image and flicker. But it is difficult to get a stable gray scale display. He et al. [26] proposed a driving waveform based on the optimization of particle activation by analyzing the electrophoresis performance of particles. It can effectively reduce the driving time. However, the DC balance is not considered in the design of the driving waveform, which may cause damage to the EPD [27].
In this article, a new driving waveform, which is based on the black reference gray, is proposed to reduce the driving time. The new driving waveform obeys the rule of DC balance and is divided into two stages: reset to black state and write the new image. The first stage is used to get an accurate reference gray, and some principles are proposed to get a uniform reflectance value for black state at the same time. The second stage is used to write a new gray value by comparing it with the black reference gray.
MICROENCAPSULATED EPD SYSTEM
The introduction of microcapsule technology is an important breakthrough in EPD technology. There are two kinds of particles in a microcapsule [28]. Here, the microcapsule is a pixel in EPD. It solves the long-term display instability problem in EPD. The movement and aggregation of particles are limited in microcapsules, and the different gray scales could be realized by controlling the voltage which is applied on electrodes. In the display process, the white SiO2 particles of the EPD are charged with a negative charge and black carbon particles are charged with a positive charge. The structure of an EPD is shown in Figure 1. In Figure 1A, the electrode of a pixel in the upper left part is provided with a negative voltage and the positively charged white particles move upward, the EPD shows white, the lower right part is provided with a positive voltage and the negatively charged black particles move upward, and the EPD shows black.
[image: Figure 1]FIGURE 1 | The structure of a microcapsule EPD. (A) An enlargement image of microcapsules in an EPD. (B) EPD model.
In the interior of a microcapsule, as is shown in Figure 1B, in order to ensure the good electrophoretic performance of electrophoretic particles, a charged control agent is injected into the display capsule, which can effectively prevent the accumulation of charged particles and deposit on the capsule wall. The display particles in the capsule are mainly affected by gravity, buoyancy, electric power, and the viscosity of nonpolar solvent. In order to avoid the settlement of display particles, gravity is equal to buoyancy, as shown in Eq. 1.
[image: image]
Here, [image: image] is the mass of a particle, [image: image] is the radius of a particle, [image: image] is the density of nonpolar solvents, and [image: image] is the gravity constant. The electric force can be expressed by Eq. 2.
[image: image]
Here, [image: image] is the electric force, [image: image] is the charge of the particle, [image: image] is electric field, and [image: image] is the total charge of particles. The first term of Eq. 2 is the Coulomb interaction between particles and electric field, and the other term is the interaction of dielectric polarization components induced by particles. The viscosity can be expressed by Eq. 3 [29, 30].
[image: image]
Here, [image: image] is the viscosity, [image: image] is the viscosity coefficient of the nonpolar solvent, and [image: image] is the velocity of the particle. [image: image] can be obtained by solving Eq. 3, and it is shown in Eq. 4 [31].
[image: image]
In general, the charged particle zeta potential could reach a level which could make a particle whose radius is 1 [image: image] with 50–100 charges by using the charge control agent, at the same time, the electrophoretic mobility reaches [image: image]. The expression of response time is shown as Eq. 5.
[image: image]
where [image: image] is the response time, [image: image] is the distance between the common electrode and the pixel electrode, [image: image] is the voltage applied between two kinds of electrodes, [image: image] is the particle zeta potential, and [image: image] is the dielectric constant of suspension liquid. Generally speaking, the voltage of the driving waveform could be set as 15, 0, or −15 V, and the EPD may spend 1 s or so on updating the image.
RESULTS AND DISCUSSION
Particle Performance Analysis
In the process of driving particles, the EPD may not display a desired gray scale if we drive particles to realize gray scales directly. In the traditional driving waveform, a four-stage driving waveform is used to drive particles to realize gray scales accurately [7]: erase the original image, reset to black state, clear to white state, and write a new image. In a driving waveform, a unit of time is 1/50 = 20 [image: image] if the frame rate is 50 frames/s, so the time of four stages must be an integer multiple of 20 ms, the second stage and the third stage form a process of activating particles. Then, an accurate white reference gray scale can be obtained at the end point of the third stage. The new image can be displayed in the fourth stage by using the reference gray scale.
In the design process of a driving waveform, the DC balance is a factor which must be considered. In the traditional driving waveform, the time of positive voltage and negative voltage must equal in the one gray scale change path to reach the DC balance.
The process of activating particles is very important in the driving waveform. The particles in microcapsules may be affected by various forces, and the driving force of electric potential must overcome other external forces to drive the particles. However, the resistance increases with the increase of speed. The forces that hinder the movement of particles are particle gravity, viscous resistance of electrophoretic solution, collision between particles, wall collision of microcapsules, Coulomb force between particles, and so on. When the resistance of particles is greater than the electric field force, the particle velocity will decrease. Only after a long enough residence time, the particles can reach a stable state, and the force acting on the particles can reach equilibrium. This reaction time has a direct impact on the refresh speed of the display screen. At this time, the motion ability of the moving particles is obviously lower than that of the activated particles [6]. Therefore, it is necessary to design a longer voltage duration to obtain the same gray level as the driving waveform with the active particle stage. Therefore, at the beginning of the driving waveform, we always use the limited driving time to activate the particles as much as possible. There are two driving waveforms, which are designed to drive the EPDs from a black state to a white state, in Figure 2A. The final reflectivity difference of an EPD which is driven by two driving waveforms are shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Reflectance curves of an EPD which is driven by two kinds of driving waveform (A) EPD driving waveforms. (B) Reflectance curves of an EPD according to driving waveforms, the driving waveform with an active particles stage can obtain higher reflectivity.
Driving Process Fusion in the Driving Waveform
In this article, a new driving waveform, which is based on the black reference gray, is proposed. In this waveform, the driving process is fused, and there are two stages which include a resetting to black state stage and writing the new image stage. In the first stage, the particles are activated as far as possible, and a stable reflectivity black state is obtained at the end of this stage; then, the black state is taken as the reference gray. In the second stage, the positive voltage and negative voltage can cooperate with each other to realize the display of multilevel gray scales. An example of the new driving waveform is shown in Figure 3.
[image: Figure 3]FIGURE 3 | An example of the new driving waveform which includes a resetting to black state stage and a writing the new image stage.
The second stage of the driving waveform, which could drive the EPD to realize the original image, must be considered in the design of the new driving waveform. For example, [image: image] is the negative voltage driving time and [image: image] is the positive voltage driving time of second stage which could drive the EPD to display the original image. And [image: image] is the negative voltage driving time and [image: image] is the positive voltage driving time of the first stage which could drive the EPD to display a new image. The relationship among four driving times is shown in Eq. 6.
[image: image]
The driving waveform could reach the DC balance if Eq. 6 is obeyed. In the first stage of the driving waveform, there is not enough time for refreshing between the white state and the black state, so the EPD is written to a middle gray scale, and this method could reduce the activation time greatly [8]. The detail design of the driving waveform is shown in Figure 4. For the sake of convenience, B represents black gray, DG represents dark gray, LG represents light gray, and W represents white gray, respectively. In Figure 4, the original gray scale is LG, both [image: image] and [image: image] are square waves whose duty ratio is 50%, so it has no effect on DC balance. [image: image] is used to realize the DC balance and write to black state. At the end point of the first stage, a black state which has a stable reflectance value is obtained. The first stage of driving waveforms should be filled with a positive voltage when the original gray scale is white, but it cannot get a black gray as the black reference gray. This is because the black reference gray is obtained in the case of activating particles, but there is no space for the activated particles stage when this stage is full of positive voltage. So, the first stage must be prolonged to form a longer time of positive voltage to get the black reference gray. The prolonged part could occupy the driving time of the second stage, or else, the driving waveform must be prolonged a little to meet the requirement.
[image: Figure 4]FIGURE 4 | (A) Design details of the new driving waveform, at the end point of the first stage, a black state which has a stable reflectance value can be obtained. (B) The real EPD has four-level gray scales which are driven by the proposed driving waveform.
Display Effect of the Proposed Driving Waveform
We carried out a driving experiment on an EPD device according to the proposed driving waveform, and the result is shown in Figure 4B. The experimental results showed that the driving waveform could realize multilevel gray scales. Among them, four testing areas are marked, the reflectivity of the first testing area is 3%, the second testing area is 12.1%, the third testing area is 22.4%, and the fourth testing area is 36.3%. According to the principle of gamma correction, the human eye sensitive to brightness transformation when the brightness is low. So, the change of the reflectivity value is nonlinear.
CONCLUSION
In this article, a new driving waveform based on two stages is proposed, and the driving process of gray scales is effectively fused. The first stage of the driving waveform can erase the original image, and the second stage is used to realize a multilevel gray scales display. In addition, the black state is used as the reference gray scale according to the mechanical analysis of particles in microcapsules. The driving waveform proposed by us has the advantages of short driving time and less voltage conversion times. It can effectively reduce the flicker sense and improve the reading comfort while shortening the screen switching time. What is more, the DC balance rule is applied to the design, which can effectively prevent the display breakdown caused by charge trapping. So, the proposed driving waveform provides a reference for the continuous improvement of the EPD display quality.
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In recent years, with improvement of photoelectric conversion efficiency and accuracy, photoelectric sensor was arranged to simulate binocular stereo vision for 3D measurement, and it has become an important distance measurement method. In this paper, an improved sum of squared difference (SSD) algorithm which can use binocular cameras to measure distance of vehicle ahead was proposed. Firstly, consistency matching calibration was performed when images were acquired. Then, Gaussian blur was used to smooth the image, and grayscale transformation was performed. Next, the Sobel operator was used to detect the edge of images. Finally, the improved SSD was used for stereo matching and disparity calculation, and the distance value could be obtained corresponding to each point. Experimental results showed that the improved SSD algorithm had an accuracy rate of 95.06% when stereo matching and disparity calculation were performed. This algorithm fully meets the requirements of distance measurement.
Keywords: sum of squared difference, photoelectric sensor, distance measurement, binocular cameras, stereo matching
INTRODUCTION
A photoelectric sensor is a semiconductor device which can convert light signals into electrical signals based on photoelectric effect. Photoelectric effect means that the energy of photons was absorbed by electrons of material when light is irradiated on materials, and then corresponding electric effect occurs. Photoelectric sensors were widely used in detection field because it has advantages of short response time, long detection distance and high resolution [1].
In recent years, three-dimensional measurement has been carried out by arranging photoelectric sensors to simulate binocular stereo vision. This method has the advantages of long detection distance, recognizable color, and wide application range. It has become an important distance measurement method. Binocular stereo vision is also an application of machine vision. It uses left and right cameras to imitate human left and right eyes. Based on the parallax principle, the imaging device is used to obtain two images of the measured object from different positions, and the three-dimensional geometric information of the object is obtained by calculating the position deviation between corresponding points of an image [2]. Binocular camera sensor ranging method has gradually become the most common stereo ranging method [3, 4]. Therefore, in order to match different parts at the same time, a real-time binocular stereo vision system which used Field Programmable Gate Array (FPGA) for full line design was proposed to improve the processing speed [5]. This algorithm took advantage of parallel computing and fast operation speed in FPGA, but the versatility was poor and targeted program development was needed. Then, high and low texture scenes were processed separately, a time of flight (TOF) depth camera was used to measure the low texture scene, and a binocular camera was used to measure the high-resolution scene, so as to improve the accuracy of three-dimensional measurement [6]. It needed to equip with TOF sensors, and the hardware design was complicated. In addition, in two sets of binocular vision systems with different accuracy levels, the method of triangulation analysis and spatial plane fitting were proposed to calculate relative poses [7]. This algorithm had a higher accuracy than other methods, but it required four cameras, which had a high cost. And algorithms that recognize objects first was proposed. For example, Canny edge detection was used to extract the target contour in order to determine the three-dimensional coordinates of the target [8]. Likewise, precise position of the target was used to determine robustness of the ellipse fitting strategy after located its approximate area [9]. And Canny edge detection based on binocular vision was used to identify and locate the target [10]. But these algorithms cannot be applied to other occasions. Then, roll angles of the binocular measurement system were calculated to compensate for dynamic measurement errors by installing a tilt angle sensor horizontally [11]. This algorithm required additional sensors to assist in attitude detection, which could increase the complexity of the system. And then a method based on the parallel binocular vision system and similarity judgment function was established by using cluster analysis method, and the distance was calculated by combining features of gradient histogram and cascade classifier [12]. This method had high a computational complexity and a slow operation speed. And combined with polar line matching, the Multi-line centerline detection stereo matching method was proposed for distance estimation [13]. This algorithm required multiple mathematical model conversions, which was not conducive to the real-time performance of the system.
Therefore, we proposed the improved SSD algorithm for automated distance measurement. It could improve the accuracy of automated distance measurement. The algorithm mainly includes five algorithms: gray-scale transformation, Gaussian Blur transformation, edge detection by Sobel operator, model of a binocular stereo camera, improved Sum of Squared Difference. It can accurately perform stereo matching and distance measurement.
SYSTEM DESIGN PRINCIPLE
Gray-Scale Transformation
In order to reduce the amount of calculation and improve the real-time performance, the image data is grayscale transformed. Grayscale transformation is a combination of three channel gray value calculation. According to the importance of three primary colors, three components of RGB are weighted and averaged with different weights, Eq. 1 can obtain a grayscale image [14], where i and j represent coordinates of horizontal and vertical of images, R (i, j), G (i, j) and B (i, j) respectively represent components of a points in row i and column j of three primary colors.
[image: image]
Gaussian Blur Transformation
Before edge detection, the image is filtered and denoised. It can reduce the interference of the original noise on edge detection. Therefore, Gaussian blur transformation is used to reduce the level of image detail and noise interference, so that images can become smoother and easier to perform stereo matching [15, 16]. Gaussian Blur transformation is defined as Eq. 2, where [image: image] is abscissa of pixel, [image: image] is ordinate of pixel, [image: image] is blur radius, and it is standard deviation of normal distribution.
[image: image]
Edge Detection by Sobel Operator
The surface of some objects is smooth, whose features are not obvious. And stereo matching may be affected seriously. In order to obtain a high-level feature and improve the accuracy of stereo matching, the first derivative Sobel operator can be used to perform gradient extraction operation of spatial convolution. And edge can be extracted from the image to make the feature more obvious [17, 18], the Sobel operator is shown in Eq. 3, where I is original image, Gx and Gy are Convolution factor of longitudinal and horizontal axis direction.
[image: image]
Model of the Binocular Stereo Camera
The depth of an object refers to the distance between the camera and object. It is measured for distance by ultrasonic, laser, etc. But these methods can only measure a specific point. We measured distance by arranging left and right cameras to simulate parallax of the image, which can be obtained by human binocular. Binocular parallax is a position difference of imaging pixel coordinates in left and right cameras. Therefore, stereo matching can be performed on images which are obtained by the left and right cameras. Cost calculation can obtain three-dimensional information of each point in an image in the real scene [19, 20]. This algorithm uses the principle of similar triangles to construct a parallax distance calculation model. The model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | | Parallax distance similar triangle calculation model diagram.
Among them, Cl and Cr are left and right camera sensors respectively, and Ol and Or are corresponding focal points. P is a point to be measured, Pl and Pr are imaging points on a camera lens, and xl and xr are corresponding offset pixel point distances respectively. B is a baseline of left and right cameras, that is, the distance between Cl and Cr. Triangle PPlO and ClOlPl are similar triangles, so are PPrO and CrOrPr. And triangles PPlPr and PClCr are also similar triangles, so Eq. 4 can be obtained, where Z is the distance from the image sensor to the target object, which is a distance value from point P to baseline B, f is the focal length of the camera, xl is the abscissa of the image on left, and xr is the ordinate of the image on left.
[image: image]
The available distance between the image sensor to the target object is shown in Eq. 5.
[image: image]
Improved Sum of Squared Difference
Stereo matching cost calculation can be used to compare similarity between a certain area of an image and a certain area of another image. Common stereo matching algorithms include Sum of Absolute Difference (SAD), Sum of Squared Difference (SSD), Normalization Cross- Correlation (NCC), Census, etc [21–23]. Among these algorithms, SSD has lowest implementation complexity, but the matching accuracy is relatively poor. So we optimized the basis of SSD and proposed an improved SSD, which can improve matching accuracy and maintain original lightweight calculation at the same time.
The improved Sum of Squared Difference is shown in Eq. 6, where Il is left image, Ir is the right image, c is the center area of target window, r is edge area of target window, and d is target window in coordinate difference between left image and right image, x is left horizontal axis, y is coordinate vertical axis, and a is weight coefficient.
[image: image]
EXPERIMENT AND DISCUSSION
The platform was equipped with a left camera and a right camera. Before acquiring images, it was necessary to match parameters of the binocular camera, and obtain the correction matrix parameters between left and right cameras to keep them consistent. During the measurement, two frames of images were obtained by each camera at the same time, and parameters of images were calibrated. Then Gaussian blur was used to smooth image, gray scale transformation was performed and Sobel operator was used for edge detection. Finally, improved SSD was used to perform stereo matching and disparity calculation on a target image, and then the distance value could be obtained corresponding to each point, which was combined into a distance value matrix. The specific processing flowchart of system is shown in Figure 2.
[image: Figure 2]FIGURE 2 | | System processing flow chart.
System Hardware Architecture
The experimental platform is shown in Figure 3. Embedded computer Raspberry Pi 4B was used as the main processor to build an experimental platform. An ARM Cortex-A72 quad-core processor with a main frequency of 1.5 GHz was used with Raspberry Pi 4B. It was equipped with 2 GB of LPDDR4 memory, it also had two USB 3.0 ports and two USB 2.0 ports, two external micro HDMI ports and a gigabit Ethernet port. It can be directly powered by a USB Type-C port with 5 V. The operating system was UBUNTU18.04, PYTHON3.7, and OPENCV2.0 environments were deployed. The image sensor was composed of two left and right cameras placed in parallel, and the space was 10 cm between the left and right cameras, which was called a center baseline. The camera was connected to the laptop by USB ports. The camera used a low-sensitivity Sony high-speed CMOS camera with a resolution of 1,920*1,080 pixels and it could obtain 60 frames of images per second. In order to reduce the difficulty of stereo matching, two cameras were guaranteed on the same horizontal line, and the inclination of the horizontal plane was set to be consistent.
[image: Figure 3]FIGURE 3 | | Physical image of the experimental platform. The one on the left was embedded computer Raspberry Pi 4B with USB ports, Ethernet port, HDMI interface and Type-C interface. On the right was the binocular camera with a bracket. The left and right cameras were distributed on it.
Image Preprocessing
Image preprocessing mainly included image correction, Gaussian smoothing, and grayscale transformation. Pre-calibrated differential parameters of the left and right camera were applied for image correction, so that initial coordinates of the left and right image were consistent. The transformation effect is shown in Figure 4. We could draw a red straight line on the image. It could be seen from the part in the yellow box, the left car light before calibration was completely above the red line in the left image, but there was still a small part below the red line in the right image. Moreover, the left car light was relatively close to the red line in the left and right images after calibration. And pixels with the same feature were almost in the same row on the left and right images. That was a prerequisite for stereo matching to improve accuracy, which was conducive to subsequent accurate feature matching.
[image: Figure 4]FIGURE 4 | | Comparison images of correction. (A) is the left image before calibration, and (B) is the right image before calibration. (C) is the left image after calibration, and (D) is the right image after calibration.
Then, Gaussian smoothing was performed for the image. All noise must be filtered on the image so that the image level was excessively relaxed, and the influence of noise on subsequent stereo matching was reduced. The license plate area was used as an example, the transformation effect is shown in Figure 5. After Gaussian smooth transformation, the gradient of the image was smoother, the sense of hierarchy was reduced, and the feature difference between the left and right cameras, which was caused by different viewing angles, was reduced. Then, it was easier to perform stereo matching and improve matching accuracy.
[image: Figure 5]FIGURE 5 | | Comparison images of Gaussian Blur Transform in the license plate area. (A) was the image before transformation, and (B) was the image after transformation.
Finally, the grayscale transformation was performed to reduce the amount of calculation for stereo matching. By mixing RGB channels in proportions, two-dimensional matrix data was generated, the original features of the image were retained as much as possible when the amount of data was reduced.
Edge Extraction
Some objects in an image had a smooth surface. For example, there is a slight reflection on the body surface. Due to the reflection, the image appears to lack texture features. Unobvious features would lead to inaccurate matching results and low stereo matching recognition rate. In order to highlight the details of the smooth part, edge extraction was performed on the image. Gradient operations were performed on the vertical and horizontal directions of the image, which could magnify the small edge changes of inconspicuous texture surface, and the advanced features of smooth part were highlighted on the image. The transformation effect is shown in Figure 6. It could be seen that the processed image had obvious features in the areas near the license plate and the lower part of a car body. The original smooth surface had gradient edge features, so the accuracy of stereo matching could be improved with their inconspicuous textures, and the stereo matching recognition rate could be also improved.
[image: Figure 6]FIGURE 6 | | Comparison images of edge detection. (A) was the original image, and (B) was the effect image after edge detection by using the SOBEL operator.
Stereoscopic Matching of Left and Right Photos
Stereo matching was the most critical step of this algorithm. The same feature areas of the left and right images were matched. It meant that the feature recognition of the left image was performed on the same horizontal line in the right image. After calculation, it could find out the area with the highest similarity to the left image. According to the horizontal coordinate migration of the same feature, the depth value of the feature area could be calculated. The migration was the distance value from the baseline to objects. The recognition accuracy of stereo matching determined the ranging accuracy. Compared with other stereo matching algorithms, the gray value of the pixel in the corresponding area was distinguished, and then the absolute value of the result was obtained by using the improved SSD. So that the matching of the central region played a more important and dominant role in the whole matching results. In order to verify the accuracy and performance of our algorithm, an experimental platform was used to control the binocular camera at a specific distance from the target, and image acquisition was performed. Then, Du Jiang et al. proposed the binocular matching (BM) algorithm which run at the same time to record the data [24]. Measurement results were shown in Table 1. It can be seen that the actual measurement accuracy of the improved SSD algorithm was 95.06% on average. It was 1.44% higher than the comparison algorithm. So, it had a higher accuracy and smaller accuracy error fluctuations, which meets actual measurement requirements.
TABLE 1 | Measurement results.
[image: Table 1]CONCLUSION
In this paper, an algorithm, which could configure the left and right cameras, to obtain images from different angles of the target was proposed. The images were smoothed to reduce noise, and grayscale transformation was performed to reduce stereo matching operations. Then, corresponding area pixels were matched on the same horizontal line of the right image. The absolute value of the degree was made difference and then summed, and the central key area was weighted, and the matching of the central area played a more important role in entire matching results. The algorithm improved the matching accuracy and could obtain measurement results more accurately, which fully met the requirements of distance measurement.
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The ternary cathode material LiNi1/3Co1/3Mn1/3O2 has been extensively focused on as the power sources for new electro-optical conversion devices and lithium-ion batteries. To improve the electrochemical performance, Al doping is one of the effective strategies. Based on the density functional theory of first-principles, the band gap, volume, partial density of states, lithiation formation energy, electron density difference, and electrons’ potential energy of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 were simulated and analyzed with Materials Studio, Nanodcal and Matlab. Results show that Li0.9Al0.1Ni1/3Co1/3Mn1/3O2 has a better conductivity and cycling capability. The potential energy maps of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 simulated in Matlab indicate that the rate capability of LiNi1/3Co1/3Mn1/3O2 is promoted after Al doping. Our theoretical advice could be an important choice for the power application of new optoelectronic devices. In addition, our methods could provide some theoretical guidance for the subsequent electrochemical performance investigations on doping of optoelectronic devices or lithium-ion battery materials.
Keywords: density functional theory, Li1.0-xAlxNi1/3Co1/3Mn1/3O2, conductivity, rate capability, electro-optical conversion devices
INTRODUCTION
In recent years, rechargeable lithium-ion batteries (LIBs) are the leading power sources for new electro-optical conversion devices, portable electronic devices, electric vehicles and hybrid electric vehicles for their less pollution, good cycle property, no memory effect, high energy density, and high specific capacity at high voltage (4.5 V) [1]. In fact, the specific capacity of commercial cathode materials of LIBs is far lower than that of the anode. With the growing demand for the increasing energy and power densities, conventional cathode materials such as LiCO2 and spinel LiMn2O4 are not satisfied with the new generation power sources. Moreover, the cathode’s cost is much higher than that of the anode. Therefore, it is a major challenge to pursuit the appropriate cathode material for the power module of electro-optical conversion devices or LIBs.
Nowadays, the layered ternary lithium nickel-cobalt-manganese oxide has been well studied and widely applied into LIBs and the power module of optoelectronic devices for their lower price, good cycle performance and high thermal stability [2]. Among various ternary cathode materials, LiNi1/3-Co1/3Mn1/3O2, whose structure likes LiCoO2 with α-NaFeO2-type, is extensively investigated owing to high reversible capacity, low cost and enhanced thermal stability [3], and it is considered as an attractive candidate of cathode material for LIBs. Its precursors are synthesized by solid state, co-precipitation, sol-gel, hydrothermal synthesis, combustion, and chemical solution [4]. However, its drawbacks, such as low electronic conductivity, poor cycling performance at the high rate, and phase deterioration during the charging/discharging process, have hindered seriously its practical application [5].
To improve the electrochemical properties of LiNi1/3Co1/3Mn1/3O2, many useful strategies, for instance, novel synthesis method [6, 7], morphology control [8, 9], composite cathode [10, 11], surface modification [12, 13], and doping [14–16], had been carried out experimentally. Shao Z C et al [14] reported LiNi1/3Co1/3-xMn1/3O2 doped with Al2O3 has the enhanced electrochemical properties when x was 5%. Also, Mg-doped (Zhu JP et al [15]) and Na-doped (Li YH et al [16]) cathode materials can keep the crystal structure stable with least capacity loss, their cycling stability and conductivity can be improved much comparison with their pristines. Al3+ has the similar outer shell and ionic radius as Mg2+and Na+, hence, Al doping has aroused more attention to improve the electrochemical performance of LiNi1/3Co1/3Mn1/3O2. Kim S et al [17] found that residual Al in Li [Ni1/3Mn1/3Co1/3]AlxO2 has an adverse effect on capacity and cycle ability when x > 0.05%. Zhang ZH et al [18] claimed that Al doping in the Ni site can inhibit the mixing of cations, LiNi1/3-0.04Co1/3Mn1/3Al0.04O2 has an excellent reversible discharge capacity. Li ZY [19] synthesized LiNi1/3Co1/3-xAlxMn1/3O2 and the experimental results showed that the new Al-doped LiNi1/3Co1/3Mn1/3O2 has a better rate performance and cycling stability; Zhu JP et al [20] prepared the LiNi1/3Co1/3-xAlxMn1/3O2 and employed hollow 3D-birdnest-shaped MnO2 to provide a large amount of free space, measurements revealed this Al-doped cathode material has an outstanding cyclic performance and capacity. Accordingly, the right doping amount of Al3+ in LiNi1/3Co1/3Mn1/3O2 can effectively ameliorate the stability of materials during charging/discharging and enhance the electrochemical performance.
To investigate the physical diffusion mechanics of electrons and Li-ions in the crystal lattice, the density functional theory (DFT) based on first-principles is widely employed [21–23]. In this work, Al3+ as the doping ion has substituted for Li in LiNi1/3Co1/3Mn1/3O2, and Li1-xAlxNi1/3Co1/3Mn1/3O2 had been theoretically simulated and calculated based on DFT by Materials Studio, Nanodcal and Matlab. The more details about the first-principles and DFT were introduced in my previous work [24, 25]. The simulations and calculations indicate that Al-doped LiNi1/3Co1/3Mn1/3O2 has a better electrochemical performance. Our findings can give some theoretical advice about studies of the power module for new electro-optical conversion devices and investigations on LIBs; methods we presented can shorten greatly the whole period of experiments or investigations and reduce the experimental cost [26].
METHODS AND MODEL
Using the exchange-correlation potentials with the generalized gradient approximation [27] of the Perdew-Burke-Ernzerhof [28], calculations about the electronic conductivity of Al-doped LiNi1/3Co1/3Mn1/3O2 were carried out by CAmbridge Serial Total Energy Package (CASTEP) of Materials Studio 8.0, which the plane wave pseudopotential method is used. The interaction between electrons and ions is described by the projector-augmented-wave method [29]. The ultrasoft pseudopotential is used to depict the Coulombic attraction potential between the inner layer electrons around the nucleus and those of the outer layer. All parameters involved in the calculations, including a plane wave cutoff, k-points in the Monkhorst-Pack scheme, the self-consistency energy tolerance, the maximum stress tolerance, the maximum displacement tolerance, and the average force on every atom, were set as same as those in our previous work [24, 25]. The structure geometry should be optimized firstly before calculations.
Figure 1 shows a 2 × 2 × 2 supercell model of Li1.0-xAlxNi1/3-Co1/3Mn1/3O2 built by virtual mixed atom method. Li and Al occupy 3a, Ni1/3Co1/3Mn1/3 occupies 3b, O occupies 6c. In Li1.0-xAlxNi1/3Co1/3Mn1/3O2, Li and Al are assumed as 1.0 mol. If Al is x mol, and then Li is 1.0-x mol. The simulations and analyses of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 (x = 0.01, 0.02, 0.03, ......, 0.13) are studied as followed.
[image: Figure 1]FIGURE 1 | The 2 × 2 × 2 supercell of Li1.0-xAlxNi1/3Co1/3Mn1/3O2.
RESULTS AND DISCUSSION
Band Gap and Partial Density of States
The conductivity is determined by the band gap of materials, the wider band gap means the worst conductivity. The band gaps of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 were calculated when Al doping amount x = 0.01, 0.02, 0.03, ......, 0.13 mol. All band gap values at every x mol are plotted in Figure 2. After Al doping, the band structure of Al-doped LiNi1/3Co1/3Mn1/3O2 can keep stable. The substitution of bigger Al atoms can widen Li-O layers which provides many tunnels to help electrons to immigrate more easily, thus, band gap values have decreased obviously, which means band gaps are narrower. According to Figure 2, between x = 0.04 mol and x = 0.05 mol, the decreasing tendency pauses, and the error bars are conspicuous, which may be caused by the slight disorder of Ni2+/Li+ cation mixing. From x = 0.06 mol, the curve goes down continually. At x = 0.11 mol, there is a minimum, and then the curve begins to go up. If only considering the band gap, the conductivity of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 is best at x = 0.11 mol. Factually, from x = 0.10 mol to x = 0.12 mol, the band gap remains lowly, and the conductivity keeps excellent.
[image: Figure 2]FIGURE 2 | The band gap of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 with error bars. The curve goes down generally, which indicates its conductivity is enhanced effectively after Al doping.
The peak of the partial density of state (PDOS) reflects electrons at this level, which directly demonstrates the conductivity. Herein, PDOS of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 was implemented. Figure 3 shows its PDOS when x = 0, 0.05, 0.10 and 0.13 mol, respectively. The colored lines in Figure 3 represent the density of different orbital states. In Figure 3A, the peak of PDOS is about 168 eV, clearly describing the bonding and density of states near the Fermi level. When 0 < x < 0.05 mol, the peak of PDOS increases continually, and the conductivity has been enhanced substantially. In Figure 3B, at x = 0.05 mol, the peak goes up to 519 eV which is several times higher than that of the pristine, and the conductivity has been enhanced dramatically. When x = 0.06–0.09 mol, the peak of PDOS increases slightly, the conductivity has been enhanced further with the increasing x. When x = 0.10 mol (shown in Figure 3C), the peak of PDOS is a maximum around 644 eV, which shows the best conductivity. When x > 0.10 mol, the peak goes down quickly. At x = 0.13 mol (shown in Figure 3D), the peak goes closely that of the pristine, which indicates too much Al-doping amount will not be useful to the high-performance of conductivity. Considering the results of PDOS, the right Al-doping amount should be controlled within x = 0.06–0.10 mol.
[image: Figure 3]FIGURE 3 | PDOS curves of Li1.0-xAlxNi1/3Co1/3Mn1/3O2. (A) The PDOS peak of the pristine near the Fermi level is about 168 eV. (B) When x = 0.05 mol, the PDOS peak raises around 519 eV, which is much higher than that of the pristine. (C) When x = 0.10 mol, the PDOS peak is high up to 644 eV. The bigger Al atoms make Li-O layers wider, and abundant tunnels are provided, which electrons can cross over freely, and then the conductivity is strengthened strongly. (D) When x = 0.13 mol, the PDOS peak is down to 170 eV, which is close to the PDOS peak of LiNi1/3Co1/3Mn1/3O2.
Cell Volume and Lithiation Formation Energy
For rechargeable power sources, good cycling and stable structure are very important. At different x mol, volumes of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 were achieved by Material Studio. When x < 0.12 mol, the volumes can keep stable basically, which is consistent to the band gap. At x = 0.04 mol, the slight disorder of Ni2+/Li+ cation mixing perhaps lead to a slight volume expanding. When x > 0.12 mol, the volume has expanded distinctly, and the structure is instable which is caused by structure transition from layer-to-spinel. In other word, when x < 0.12 mol, Al doping can stabilize the layered crystal structure and keep good cycling performances.
In general, the difficulty of the lithiation/delithiation process can be reflected by the formation energy. If the formation energy of metal oxide is low, atoms can be separated easily from the crystal lattice. The equation of lithiation formation energy [image: image] is the same as referred in my previous work [25]. Figure 4 plots the formation energy E of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 varying with different x. According to Figure 4, [image: image] goes down straight when x < 0.12 mol, and there is minimum at x = 0.11 mol which the rate capability of material is best; when x > 0.12 mol, the curve increases gradually, electrons and Li-ions will be apart difficultly from the lattice crystal. Hence, analyses of Figure 4 states explicitly that too much Al doping will be harmful to the lithiation/delithiation process, the proper Al doping amount is within x < 0.11 mol.
[image: Figure 4]FIGURE 4 | Diagram about the relationship between E and x. The curve decreases until x < 0.12 mol, which demonstrates the lithiation/delithiation process can benefit from the appropriate Al doping amount. From x = 0.11 mol, [image: image] begins to get bigger slightly. The small error bars mean our high-accuracy calculations.
Electron Density Difference
To investigate electrons’ distribution near local atoms, we simulated the electron density difference of Li1.0-xAlxNi1/3Co1/3Mn1/3O2. Figure 5 shows the simulations at x = 0, 0.06, 0.10, and 0.11 mol. Some blocks with heavy colors are reflections of atoms. In comparison with that of the pristine (shown in Figure 5A), when 0 <x < 0.06 mol, the coverage and color of the electron cloud have changed a little, which means electrons near local atoms have not increased much; when x = 0.06 mol (shown in Figure 5B), its coverage has distinguished from the before, but its color has still remained; when x > 0.08 mol, its color has turned into orange which means electrons have increased enormously, and its coverage has expanded further; especially, at x = 0.10 mol (shown in Figure 5C), its color is still orange, and its coverage is biggest, which exhibits that there are abundant of free electrons around atoms, and Li0.9Al0.1Ni1/3Co1/3Mn1/3O2 has superior conductivity; when x = 0.11 mol (shown in Figure 5D), its coverage has shrunk greatly, free electrons near local atoms have decreased significantly, and its conductivity has become poor. Therefore, the appropriate doping amount is x = 0.08–0.10 mol which Al doping can notably boost the conductivity.
[image: Figure 5]FIGURE 5 | Electron density difference of Li1.0-xAlxNi1/3Co1/3Mn1/3O2. (A) The electron density difference image of the pristine is shown. (B) When x = 0.06 mol, the color has not changed, and the coverage of electron cloud has expanded significantly, which suggests the conductivity has been enhanced due to more free electrons around atoms. (C) When x = 0.10 mol, the color of electron cloud gets orange, and the electron cloud’s coverage is biggest, which indicates its conductivity is promoted extremely. (D) When x = 0.11 mol, its color has not changed, and its coverage has shrunk much.
Potential Energy of Electrons
To study the electrons’ transfer and rate capability of LiNi1/3Co1/3-Mn1/3O2 after Al doping, their electrons’ potential energy had been mapped. If electrons in a potential well can obtain some external energy, they can transport freely from the potential well. Figure 6 shows the 3D potential energy map of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2. From Figure 6, the potential barrier and well are regularly in turn, which indicates layered Li0.9Al0.1Ni1/3Co1/3Mn1/3O2 has not occurred the phase transition during the charging/discharging process. The right Al-doping amount can remain its layered structure invariantly.
[image: Figure 6]FIGURE 6 | 3D potential energy profile of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2. The different colors correspond to the different potential energy. When x < 0.11 mol, all 3D potential energy maps show that the potential barrier is getting lower after Al doping.
To analyze the transfer of electrons in potential well after Al doping, diffusion paths were implemented in 2D potential energy image. Figure 7 shows the electrons’ diffusion paths of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2. Electrons will immigrate freely along the route marked blue “*”, where is the minimum potential energy and numerous channels to diffuse are offered. And the energy barrier of Li-ion insertion/extraction is reduced in the crystal lattice. Consequently, electrons and Li-ions can be removed and transfer to other places with lower energy barrier. In Figure 7, the potential energy of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2 is from around 80 to 0 eV. When x < 0.11 mol, the minimum potential energy of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 decreases with rising x, and electrons can be apart from the potential well more facilely. Thus, this new material has excellent rate capacity and electrochemical performances when x < 0.11 mol.
[image: Figure 7]FIGURE 7 | 2D potential energy plot of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2. Blue marks “*” represent the paths of electrons, and each marked route is not the same.
CONCLUSION
The physical mechanism of enhanced electrochemical properties for Al-doped LiNi1/3Co1/3Mn1/3O2 was investigated by DFT. After Al doping, Li1.0-xAlxNi1/3Co1/3Mn1/3O2 has a layered structural stability when x < 0.12 mol; the band gap has a minimum at x = 0.11 mol, and the conductivity is best; the peak of PDOS remains highly within x = 0.06–0.10 mol, which electrons are multiplied than the pristine, and its conductivity is enhanced dramatically; the lithiation formation energy E is lowest at x = 0.11 mol, and electrons and Li-ions can be separated easily within x < 0.12 mol; based on the simulations of the electron density difference, Li1.0-xAlxNi1/3Co1/3Mn1/3O2 has a better conductivity when x = 0.08 – 0.10 mol; and electrons’ potential barrier is decreasing with rising x, electrons and Li-ions can be removed and diffused quickly, which means its rate capability is improved effectively. Considering all above calculations and analyses, the electrochemical performance of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 is best at x = 0.10 mol. Up to now, it is few reported about the experimental investigations on Li1.0-xAlxNi1/3Co1/3Mn1/3O2. We believe that samples of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 can be prepared experimentally by traditional syntheses, and suggest that its superior electrochemical performances of Li0.9Al0.1Ni1/3Co1/3Mn1/3O2 will be verified experimentally by physical and chemical tests. Moreover, the electrochemical performance of Li1.0-xAlxNi1/3Co1/3Mn1/3O2 can be improved further combining with other modifications. This study provides an insight to understand the physical improvement mechanism of Al-doped LiNi1/3Co1/3Mn1/3O2. Our results and theoretical advice based on DFT could be important for the investigations of Li1.0-xAlxNi1/3Co1/3Mn1/3O2, doping materials studies about the power sources of new electro-optical conversion devices, and applications in LIBs. Our simulations and calculations have concerned only on the conductivity, cycling and rate capability. Certainly, Al-doped LiNi1/3Co1/3Mn1/3O2 can be further improved its energy density and reversible charge capacity by structural optimization, coating, and composite etc.
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In this study, we demonstrated generation and transmission of 114 Gbaud and 126 Gbaud faster-than-Nyquist (FTN) discrete Fourier transform-spread (DFT-spread) quadrature phase shift keying orthogonal frequency division multiplexing (QPSK-OFDM) with 88-Gsa/s sampling rate digital-to-analog converters (DACs) experimentally. It is the first time to realize 400G FTN DFT-spread QPSK-OFDM signal per optical carrier for metro and regional applications, which will be a solution for network operators to address the issue of increasing bandwidth derived from the rapid popularization of mobile Internet and the wide application of IoT (Internet of Things technology). Delay-and-add filter (DAF) is adopted to realize frequency shaping at the transmitter to keep higher portions of energy of signal at low frequencies, which makes the OFDM much more robust to strong filtering effect. After pre-equalization, bit error rate (BER) performance of 114 GBaud and 126 GBaud FTN DFT-spread QPSK-OFDM has been significantly improved, and maximum-likelihood sequence estimation (MLSE) shows a better effect than binary decoding in the aspect of against the inter symbol interference (ISI) introduced by spectrum compression. The effective bit rate of dual polarization 126 Gbaud FTN DFT-spread QPSK-OFDM which is generated with 88 GSa/s sampling rate is 410.08 Gb/s, to the exclusion of all overhead including TSs, cyclic prefix (CP), and 20% forward error correction (FEC) coding. We successfully transmit 8 × 400 Gbit/s FTN DFT-spread QPSK-OFDM signal generated from 88 Gsa/s sampling rate DAC over 420 km single mode fiber (SMF) with the BER under 2.4 × 10−2.
Keywords: orthogonal frequency division multiplexing, discrete fourier transform-spread, WDM, pre-equalization, faster-than-nyquist
INTRODUCTION
Faster-than-Nyquist (FTN) is extensively studied to improve the spectrum efficiency by transmitting symbols within a bandwidth less than the Nyquist bandwidth [1–9]. This technique has been put forward and performed in 400G single-carrier coherent optical transmission systems recently [10]. Faster-than-Nyquist root-raised cosine (FTN-RRC) filter has been proposed to generate sub-symbol-rate sampling signal. 483 Gb/s (120.75 Gbaud) single-carrier polarization-division-multiplexed quadrature phase-shift keying (PDM-QPSK) signal is demonstrated by using a 92 GSa/s digital-to-analog convertor (DAC) with sampling rate 0.76 sample/symbol. We consider that transmission of higher order quadrature amplitude modulation (QAM) signal is a method to effectively improve spectrum efficiency, however, the optical signal-to-noise ratio (OSNR) and stringent system linearity requirements prevent the transmission of high-order QAM modulated signal from optical fiber communication system. Compared to high-order QAM modulated signal transmission, there are following advantages to enhance spectral efficiency with FTN techniques. First, low-order modulation formats with a relatively high spectrum compression factor that can effectively solve the system linearity requirement problem. Second, we can set the signal compression ratio flexibly within the maximum compression ratio in our experiment, which can better approach the theoretical maximum transmission capacity of the channel.
FTN orthogonal frequency division multiplexing (OFDM) is first reported in Ref. [11] with discrete Fourier transform-spread (DFT-spread) and duo-binary spectrum shaping techniques. In the DFT-spread technique, using all in-band subcarriers delivers each data symbol [12, 13]. The single carrier–alike characteristic of DFT-spread OFDM signals show much better filtering effect tolerance than conventional OFDM signals. In addition, digital delay addition filter (DAF) is used to perform spectrum shaping to further improve the filtering effect tolerance [6]. In Ref. [11], as several sub-bands are applied to transmit signal, inter-sub-band interference (ISBI) appears in multi-band FTN OFDM, complicated digital signal processing (DSP) algorithms is necessary to compensate ISBI. Also, it is still questionable whether it could be a potential option to its single-carrier counterpart delivering 400G services per wavelength for metro and regional applications, which requires further investigation. Recently we have succeeded in transmitting the highest equivalent baud rate (120 Gbaud) FTN DFT-spread QPSK-OFDM signal within 80 GHz channel bandwidth over 80 km SMF with the BER under SD-FEC limitation of 2.4 × 10−2. We make use of 80 GSa/s sampling rate to generate dual polarization 120 Gbaud FTN DFT-spread QPSK-OFDM and the pay-load bit rate is 384.54 Gb/s excluding all overhead including TSs, cyclic prefix (CP), and 20% FEC coding. In order to further improve the spectral efficiency, we integrated wavelength division multiplexing (WDM) system with FTN DFT-spread system, and increased the single-channel pay-load bit rate to more than 400G by using 88 Gsa/s sampling rate DACs.
In this study, generation and transmission of 400G FTN QPSK-OFDM signal are experimentally demonstrated with single DFT-spread band to avoid multi-band ISBI. To achieve a symbol rate higher than the Nyquist bandwidth, spectral of single-band DFT spread is compressed and ISBI cancellation technique is avoided in the receiver. Maximum likelihood sequence estimation (MLSE) decoding [6, 14] and pre-equalization [15, 16] are implemented to compensate inter symbol interference (ISI) caused by insufficient bandwidth and spectral compression, which can improve the receiver sensitivity significantly. We generate and transmit a record high baud rate (126 Gbaud) QPSK-OFDM signal with 88 GSa/s Sampling rate DAC. Finally, 8 × 400 Gb/s WDM FTN QPSK-OFDM with 22.8% spectral compression ratio within 100 GHz grid are successfully transmitted over 420-km with the BER under soft-decision FEC (SD-FEC) threshold (2.4 × 10−2).
PRINCIPLE
Compared to the scheme proposed in Ref. [11], only one sub-band is discussed in this article, and ISBI between sub-channels is avoided. Directly subcarriers discarding at high frequencies instead of spectrum overlapping are applied to achieve symbol rate higher than the Nyquist bandwidth. After duo-binary DAF encoding, the signal becomes a cosine-alike spectrum shape. Because the serious ISI of high-frequency subcarriers will be induced when the channel bandwidth less than signal baud rate, transmitting a conventional OFDM signal via this channel is not practical. For DFT-spread OFDM signal, each QPSK symbol is carried on all data-carried subcarriers when single-band DFT spread is realized. In the circumstances, serious ISI on high-frequency subcarriers are spread over all symbols equally and still lead to BER performance deterioration. In FTN DFT-spread OFDM scheme, duo-binary encoding is realized by differential encoding and DAF. Compared to DFT-spread OFDM, FTN DFT-spread OFDM shows better performance in overcoming severe ISI, as the cosine-alike shape spectral density of FTN DFT-spread OFDM signal is much more robust to strong brick-wall filtering effect.
Principle diagram for FTN DFT-spread QPSK-OFDM generation is described in our previous work in detail [17], QPSK samples are divided into in-phase/quadrature (I/Q) branches and then fed into duo-binary encoding. With differential encoding, the symbols can be easily demodulated [18, 19], or else the symbols should be demodulated with MLSE for nine-level quadrature amplitude modulation (9QAM) [6, 11]. MLSE takes advantage of duo-binary memorability between adjacent codes to select the largest possible path to minimize BER and to further reduce ISI and noise. In this study, the transmitted symbols of FTN DFT-spread OFDM signal are duo/poly-binary encoded in the transmitter. In the DAF, the memory length is only one symbol, which coincides with the algorithm idea of MLSE. In the receiver, we can make use of the inherent memory length of symbols to minimize the BER by MLSE decoding. In addition, since the memory length of symbols is only 1, using MLSE algorithm is not computationally difficult. For QPSK and M-QAM modulation schemes, we usually divide them into in-phase and orthogonal components. In this way, the signals of the two components are in the M-level pulse amplitude modulation (M-PAM) format. Therefore, the following algorithm introduction is based on M-PAM modulation. Figure 1A shows the duo-binary signal frame diagram of M-PAM (where M = 2 and 4). Figure 1C and Figure 1D display the spectra of 4-PAM signal before and after through duo-binary process, respectively. Generally, the transmission process of a binary channel can be explained by a finite state machine. The state transition frame diagram is used to represent this state machine, where x(n) represents the states at the moment n, when M = 2, [image: image] and when M = 4, [image: image].[image: image] is the input at the first time. And x(n) + x(n-1) which is attached to the branch stands for the transition of states between moment n-1 and n.
[image: Figure 1]FIGURE 1 | (A) Duo-binary signal frame diagram of M-PAM, (B) simplified channel model of Duo-binary pulse shaping, (C) spectrum of 4-PAM signal, and (D) spectrum of duo-binary 4-PAM signal.
As can be seen from equation [image: image], it is obvious that the input of the node [image: image] is needed for the output [image: image] at the first moment, and we can take any value in[image: image] because the influence of the selection of the initial state on the MLSE algorithm in the long-distance transmission is negligible. The marked value of the line between nodes at two adjacent moments in the figure is determined by [image: image]. It can be found that any node has M conversion possibilities, and from the moment n = 2, each node has M possible input paths. In order to more intuitively explain the implementation principle of MLSE, we simplified the duo-binary channel model as shown in Figure 1B.
[image: image] and [image: image] represent the sampling value of the received signal and the sampling value of the noise at the moment n, respectively, and T represents the delay of a sign time. The basic idea of the MLSE algorithm is to find the most likely path that maximizes the conditional probability of [image: image], where [image: image] is the vector representation of the sampled value of the received signal and [image: image] is the vector representation of the input signal. We define [image: image]to be an ideal vector representation of the output signal. It can be seen from formula[image: image] that [image: image] is uniquely determined by [image: image], so the maximum value of conditional probability [image: image] can be converted into the maximum value of conditional probability [image: image], that is, the minimum value of Euclidean distance [image: image] between vector[image: image] and [image: image]. Based on the definition of Euclidean distance, it can be expressed as the sum of independent one-dimensional variables as follows:
[image: image]
For the Euclidean distance [image: image] between node [image: image] at the first receiver-side and the initial node [image: image], where [image: image] has M values, at the moment n = 1, each different node has corresponding Euclidean distance [image: image] with sampling received signal z(1) so [image: image]has M values.
As shown in Figure 1A from the moment n = 2, each node [image: image]has M input paths and M different values of [image: image]. So for every moment n, [image: image]Euclidean distance [image: image] can be calculated by the Euclidean distance at the current time and the Euclidean distance that we calculated before. The maximum of conditional probability [image: image] at the moment n can be converted to finding time n of [image: image]. For a specific [image: image] of one of M values at the moment n, the minimum value of M Euclidean distances can be used as[image: image]of the current node, and [image: image] can be defined as follows:
[image: image]
It can be seen that for the specific input path [image: image] at the moment n, which originally had M different input paths, only one surviving path would be left through the above formula, and the other M-1 paths would be discarded to reduce the storage capacity required by the algorithm. However, in the actual MLSE algorithm, the input sequence is often very long. It is not possible to store a minimum Euclidean distance for each time node. Therefore, the common processing method is to truncate the signal once after the time of K symbols. In this way, we only need to store M viable paths within K symbols, which greatly reduces the load of memory. However, the value of K often has a great impact on the performance of MLSE algorithm. First of all, K must be greater than the memory length of the symbol, otherwise the Euclidean distance calculated and survived may not be the minimum value. Moreover, if the value of K is too large, the consistency of memory will be increased. For double/multiple binary signals with a memory length of one for M = 2 and 4, the performance penalty for MLSE is almost negligible when the K value is above 20.
EXPERIMENTAL SETUP AND RESULTS
The experimental setup for 8 × 400 Gbit/s FTN-DFT-spread QPSK-OFDM signal generation, transmission, and reception is shown in Figure 2. In the transmitter, we use 8 100-GHz channel spacing external cavity lasers (ECLs) with <100-kHz linewidth and 14.5 dBm output power as the light sources in the transmitter. They are divided into two groups as the odd and even channels to form the WDM channel setup in 100 GHz-grid. The odd and even channels are combined with two sets of polarization multiplexer optical couplers (PM-OCs). FTN QPSK-OFDM is generated with MATLAB as described above and then uploaded into an 88 Gsa/s sampling rate DAC and the 3-dB bandwidth of the DAC is 16 GHz. The 3-dB bandwidth of driver and optical modulator are 30 GHz and 25 GHz, respectively. The odd and even channels I/Q modulators biased at null point are independently modulated by the four output ports of the DAC. We employ the polarization multiplexer to realize the polarization multiplexing of the signal [20], in our experiment, the even and odd channels are combined by a 2 × 1 optical coupler (OC). We can take advantage of effective OFDM signal baud rate B to adjust the DFT-spread fast Fourier transform/inverse fast Fourier transform (FFT/IFFT) size M. The relationship between them can be expressed as: M = (N × B)/88. Among the N = 1,024 subcarriers. The first subcarrier of FTN DFT-spread signal is reserved null for direct-current bias (DC-bias). As frequency offset estimation (FOE) and phase noise estimation is realized with radio frequency pilot (RF-pilot) scheme [17], another five subcarriers around zero frequency are reserved for RF-pilot insertion, and the rest L (L = N-6) subcarriers excluding above-mention six subcarriers are adopted to carry FTN DFT-spread QPSK symbols. The length of CP is eight sample and a pair of training symbols (TSs) is inserted between every 123 OFDM symbols for synchronization and channel estimation. The modulated signal is launched into five spans of 84-km SMF link. There are 18-dB average loss and 17.5-ps/km/nm chromatic dispersion (CD) at 1,550 nm in each span. An erbium doped fiber amplifier (EDFA) is used before each span to compensate for the fiber loss. At the receiver, an ECL with linewidth <100 kHz is used as a local oscillator (LO). We use an integrated coherent receiver (ICR) to achieve the O/E detection. The signal is captured by a 160 GSa/s sampling rate real-time oscilloscope and then processed with offline DSP shown in Figure 2.
[image: Figure 2]FIGURE 2 | Experimental setup (ECL: external cavity lasers; DAC: time-division Multiplexer; I/Q Mod.: IQ modulator; Pol. MUX: polarization multiplexer; OC: optical coupler; ATT: attenuator; TOF: tunable optical filter; LO: local oscillator; ADC: analog-to-digital convertor). Insets: (A) 114 Gbaud FTN-QPSK-OFDM optical spectrum, 114 Gbaud FTN-QPSK-OFDM electrical spectrum (B) without and (C) with pre-equalization.
Figure 3 gives out the simulation results of 99–143 GBaud DFT-spread QPSK-OFDM signal, in which FTN DFT-spread QPSK-OFDM signal is generated with 88 Gsa/s sampling rate DAC and an additive white Gaussian noise (AWGN) channel with signal-to-noise ratio (SNR) = 18 dB is used to emulate the fiber link. When the baud rate is higher than the sampling rate of DAC, the BER performance of conventional DFT-spread QPSK-OFDM is very poor as part of conventional DFT spread is not robust to brick-wall filter effect–induced ISI. However, the BER performance is better when FTN DFT-spread QPSK-OFDM signal is transmitted, as less proportion of power of signal is filtered out with brick-wall filter in frequency spectrum compression. After that, we prove MLSE decoding is more robust to resist ISI and can be used to further compensate the penalty induced by ISI. In this study, BER performance of single-channel 114 Gbaud and 126 Gbaud FTN DFT-spread QPSK-OFDM signal are measured and shown in Figure 4A and Figure 4B, respectively. We realize pre-equalization to resist bandwidth limitation induced ISI to some extent. Single-channel 114 Gbaud FTN DFT-spread QPSK-OFDM optical spectrums (0.02 nm) with and without pre-equalization are inserted in Figure 2A. The electrical spectrums of 114 Gbaud FTN-DFT-spread QPSK-OFDM optical spectrums with and without pre-equalization are inserted in Figure 2B and Figure 2C, respectively. After pre-equalization, BER performance of both 114 Gbaud and 126 Gbaud FTN DFT-spread QPSK-OFDM can be improved significantly, and MLSE decoding is also proved to be effective to resist ISI. Insets i) and ii) in Figure 4A show the constellations of 114 Gbaud FTN DFT-spread QPSK-OFDM with and without pre-equalization with OSNR at 30.4-dB, and insets i) and ii) in Figure 4B show the constellations of 126 Gbaud FTN DFT-spread QPSK-OFDM with and without pre-equalization with OSNR at 29.4-dB.
[image: Figure 3]FIGURE 3 | BER versus baud rate of FTN-DFT-spread QPSK-OFDM in AWGN channel.
[image: Figure 4]FIGURE 4 | (A) BER versus OSNR of 114 Gbaud FTN-DFT-spread QPSK-OFDM after 420-km fiber transmission, (B) BER versus OSNR of 126 Gbaud FTN-DFT-spread QPSK-OFDM after 420-km fiber transmission. BER versus OSNR of the 3rd sub-channel of WDM in OBTB and after 420-km fiber transmission, (C) BER versus input power per channel of the 3rd sub-channel of WDM after 420-km transmission, (D) BER versus OSNR of the 3rd sub-channel of WDM in OBTB and after 420-km fiber transmission, (E) BERs versus all sub-channels of 114 and 126 Gbaud FTN-DFT-spread QPSK-OFDM after 420-km fiber transmission, and (F) optical spectrum (0.02 nm) of WDM signal after 420-km fiber transmission.
Figure 4C shows the measured BER versus input power per channel of the 3rd sub-channel of WDM after 420-km transmission. We measure the optimal input power per channel of all channels to be 0 dBm. It is easy to explain because high-power signals into the fiber will lead to chromatic dispersion and the nonlinear effect, which can damage signal quality. If the input fiber power is too low, the signal-to-noise ratio will be low, and the noise will also affect the transmission quality of the signal. There is supposed to be a compromised power that makes the system perform optimally. The optimal input power of the other seven sub-channels is also measured to be 0 dBm.
Figure 4D shows the measured BER versus optical signal-to-noise ratio (OSNR) of the 3rd sub-channel of WDM in optical back-to-back (OBTB) and after 420-km fiber transmission. We observe no OSNR penalty compared to single-channel transmission. And negligible OSNR is observed after 420-km SMF transmission. After 420-km SMF transmission, the required OSNRs for 114 and 126 Gbaud FTN-DFT-spread QPSK-OFDM to achieve hard decision forward error correction (HD-FEC) threshold (3.8 × 10−3) and SD-FEC threshold (2.4 × 10−2) are 24.8 and 25.5 dB, respectively. Both the effective data rates of 114 and 126 Gbaud FTN-DFT-spread QPSK-OFDM are larger than 400 Gbit/s after removing overheads which includes TSs, CP, and corresponding FEC overheads. Insets i) and ii) in Figure 4E show the constellations of 114 and 126 Gbaud FTN DFT-spread QPSK-OFDM in WDM case with OSNR at 27.4-dB.
For all sub-channels 114 and 126 Gbaud FTN DFT-spread QPSK-OFDM, the measured BERs after 420-km SMF transmission shown in Figure 4 are below 3.8 × 10−3 and 2.4 × 10−2, respectively. Optical spectrum (0.02 nm) of WDM signal after 420-km transmission is inset in Figure 4F. While the computational complexity of SD-FEC is significantly higher, it is practical to transmit 114 Gbaud FTN-DFT-spread QPSK-OFDM to realize 400G services per wavelength for metro and regional applications.
CONCLUSION
In this study, for the first time we realize 400G FTN-DFT-spread QPSK-OFDM signal transmission per optical carrier for metro and regional applications. With the aid of DAF-based spectrum shaping and MLSE decoding in the receiver, we successfully transmit 8 × 400 Gbit/s FTN-DFT-spread QPSK-OFDM signal generated from 88 Gsa/s sampling rate DAC over 420 km SMF with the BER under 2.4 × 10−2.
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We study theoretically the properties of local heat originated from energy exchange between electrons passing through a quantum dot (QD) coupled to a phonon bath. The dot is sandwiched between two normal metal leads and also side-coupled to Majorana bound states (MBSs) formed at opposite ends of a topological superconductor nanowire. We find that in addition to the negative differential of heat generation (NDHG) in the Coulomb blockade regime, another NDHG emerges near the leads’ Fermi level due to the dot-MBS coupling. This dual NDHG effect is robust against the variation of intradot Coulomb interaction strength, and disappears if the QD is coupled to regular Fermions. Direct hybridization between the MBSs reduces their impacts on the electronic transport processes, and eliminates the dual NDHG effect. Our results show that the dual NDHG effect is quite efficient for inferring the existence of MBSs, and may remedy some limitations of the detection schemes relying on tunneling spectroscopy technique.
Keywords: heat current, electron-phonon interaction, majorana fermions, quantum dot, negative differential heat generation
1 INTRODUCTION
Majorana bound states (MBSs) are zero energy quasi-particles of Majorana fermions typically formed in low-dimensional topological superconductors [1, 2]. They obey non-Abelian statistics and can serve as anyons whose braiding can be used for constructing elementary logic gates for quantum computation [3–6]. Such a kind of logic gate depends only on the topology of the braiding path, and then small imperfections in the braiding are tolerable on the condition that the manipulations are topologically equivalent. Correspondingly, MBSs have been extensively investigated in the past decades as a prominent candidate for fault-tolerant topological quantum computation [7]. In addition, the MBSs are also promising in spintronics and thermoelectric effects. For example, the MBSs will strengthen the intrinsic π phase difference between spin-triplet pairings in Josephson junction [8]. Such a π-phase shift is demonstrated to induce a spin-dependent superconducting phase, i.e., spin-phase that is adjustable with the help of electric gates and the coupling energy between MBSs. This effect suggests an all-electrical spin control scheme and can also be used to manipulate and detect the MBSs [8]. If the electron-hole symmetry property of the MBSs is broken (e.g. by side-coupling one mode of the MBSs to a quantum dot (QD)) [9], the sign of the thermopower, which measures the generated bias voltage in response to a temperature difference applied at different ends of the system, can be reversed by changing the hybridization amplitude between the QD and the MBS [10, 11], or direct coupling between the MBSs [12, 13]. Moreover, the magnitude of the thermopower or thermoelectric efficiency can be significantly enhanced due to the existence of the MBSs [12, 13]. These results are useful in designing thermoelectric devices or detecting MBSs.
Experimentally, topological superconductors have been successfully realized in heterostructures comprised of a one-dimensional semiconductor nanowire having strong Rashba spin-orbit interaction and a proximitizing s-wave superconductor [1, 2, 14, 15]. With the help of a strong external magnetic field, the phase of the heterostructure can be driven into topological superconductor one and thus enable the formation of MBSs at opposite ends of the nanowire. As for the detection of MBSs, the most efficient scheme is the tunneling spectroscopy in Majorana nanowires sandwiched between normal metal leads. The MBSs will manifest itself by a zero-bias anomalous conductance peak [15]. Since this anomalous peak in the electric conductance may also originate from other reasons, such as the Kondo effect [16], anti-localization [17] and subgap states [18], some other detection schemes for the MBSs were then continuingly put forward. For example, signatures of MBSs can be inferred from the sign change or abnormal enhancement of the thermopower as was indicated above [9–13]. The existence of the MBSs can be deduced by measuring the Majorana entropy of an initial equilibrium state of the system [19]. Generally, the Majorana entropy will be ruined even when the transport amplitude of one mode of the MBSs is significantly blockaded, which can be directly measured in experiments. To avoid the above general issues, Smirnov very recently proposed to adjust the tunneling phases of one mode of the MBSs to bring out the universal Majorana plateau. Meanwhile, an experimental scheme that is realizable within present techniques was also proposed to measure entropy of the MBSs [19]. Signatures induced by MBSs may also be deduced from transport phenomena such as the abnormal changes of the shot noise [20–22], quantum noise [23, 24], thermoelectric noise [25], sign change of the tunnel magnetoresistance [26], splitting of the photon-assisted subbands [27], etc.
In fact, due to the unique charge neutral and zero energy properties, the above detection schemes still come with great difficulties and it is not sure if the existence of the MBSs can be completely determined. Recently, impacts of electron-phonon interaction on the MBSs-assisted transport have been studied [28, 29]. This is triggered by two motivations: one is that the electron-phonon interaction will induce significant decoherence effects that will change the transport behaviors and roles in quantum computation [30]; the other is that the phonons will play important roles in Majorana-induced Andreev reflection processes [28]. With continuing improvement of nanofabrication techniques, the length of the device becomes smaller than that of electron-phonon scattering, and thus the electron-phonon interaction is the main cause of heat generation by electrical current [30–34]. With increasing integration density on a chip, the issue of generated heat becomes more and more vital [35]. If the waste heat can not be removed as quickly as possible, the chips may not function properly. As was demonstrated by Sun et. al. [31, 32], the behaviors of the heat generation in nanodevices are quite different from those in the usual macroscopic ones. The Joule heating law Q = JV for the local heat power density, where J is current density and V is the bias voltage applied across the system, is violated. Electrons transporting through a QD may absorb energy from a phonon bath attached to it even at zero temperature [36]. In the presence of intradot Coulomb interaction, the magnitude of heat generation may be quite small even under a large current [32]. In the Coulomb blockade regime, the heat generation decreases although the current’s amplitude is monotonously enhanced for increasing bias voltage, a phenomenon was named as negative differential of the heat generation (NDHG) [32]. The NDHG is very similar to the negative differential conductance effect unique in nanodevices, and is expected to play an important role in phonon engineering subjects. In our previous work, MBSs-mediated heat generation by electrical current in a QD without Coulomb interaction was investigated [37]. It was found that the magnitude of the heat generation and electrical current is sensitive to the existence of MBSs. Under some conditions, the heat generation and electrical current can be individually suppressed and enhanced by changing the dot-MBSs or MBS-MBS couplings, which is ideal for energy-saving instruments. In the present manuscript, we revisit the problem of heat generation by taking the intradot Coulomb interaction into consideration. We find that the MBSs will induce another NDHG in addition to that in the absence of MBSs, which is named as dual NDHG that can be used for inferring the existence of the MBSs.
2 MODEL AND METHODS
The system under investigation can be described by the following Hamiltonian (ℏ = 1) [28, 29, 31, 32, 37].
[image: image]
where the first term in the right side of Eq. 1 describes the β-th (β = L/R) lead with [image: image] being the electron creation (annihilation) operator having momentum k, energy ɛkβσ and spin σ. The second term is for electrons on the QD and their interaction to the phonon with strength λq. The operator [image: image] creates (annihilates) an electron having quantized single energy level ɛd. a†(a) is for the creation (annihilation) operator of a phonon with frequency ωq. The third term in the right side of Eq. 1 is for Coulomb interaction between electrons on the QD, and the fourth term denotes the single phonon mode. The fifth term describes overlapping between the QD and the leads with tkβ being the matrix element. The last term in Eq. 1 is for the MBSs and their coupling to the QD, [15, 37–39]
[image: image]
where the operator η1/2 denotes the two modes of the MBSs located at opposite ends of the nanowire. In the present paper, we consider that the QD is only coupled to one mode of the MBSs with coupling amplitude λ. The quantity ɛM is the overlap strength between the MBSs. The Majorana operators follow {ηα, ηβ} = 2δαβ and [image: image]. According to previous work, we replace the Majorana operators by the regular fermion via [15] [image: image], and [image: image], the Hamiltonian HMBSs then is given by.
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To decouple the electron-phonon interaction in Eq. 1, we next perform a canonical transformation, [28, 29, 31, 32, 37], [image: image] with [image: image], and then Eq. 1 becomes.
[image: image]
where the dot level is [image: image] and Coulomb interaction strength [image: image] with [image: image]. The tunnelling amplitude tkβ and the coupling strengths between the dot and MBSs λ are individually given by [image: image] and [image: image] with X = exp [−g (a†− a)] [28, 29]. The other quantities in [image: image] are the same as in Eq. 3. If tkα and λ are weak as compared to λq, X can be replaced by the expectation value < X > =  exp [−g (Nph + 1/2)], in which Nph = 1/[exp (ωq/kBTp) − 1] the phonon distribution function with Tp the phonon temperature [12, 13]. The heat generation [image: image] in frequency space is written based on the Green’s functions as the following form, [31]
[image: image]
where [image: image], and [image: image] are the electron retarded, advanced, lesser and greater Green’s functions. The retarded Green’s function [image: image] is calculated from Eq. 4 by the equation of motion method as, [38, 39]
[image: image]
where [image: image], with [image: image] and Γβ = 2π|tkβ|2ρβ, where ρβ is the local density of states in lead β. The quantities [image: image], [image: image], [image: image], and [image: image]. The advanced Green’s function in the above equation is [image: image], and the lesser (greater) one is [image: image], in which the self-energies are individually given by [image: image], and [image: image] [31]. The Fermi distribution function is fβ(ɛ) = 1/{exp[(ɛ − μβ)/kBTe] + 1}, with chemical potential μβ. Gr(ɛ) is related to [image: image] by [31] [image: image], and [image: image], where [image: image], with In(x) the modified nth Bessel function. The occupation number is calculated self-consistently from [image: image], and the spin-dependent electric current is obtained also by the Green’s function as [7, 30] [image: image].
3 RESULTS AND DISCUSSION
In the following numerical calculations, we choose the phonon frequency ωq ≡ 1 as energy unit (ℏ = 1), and consider the case of the dot is symmetrically coupled to the left and right leads with [image: image]. The electron-phonon coupling strength is fixed as λq = ωq, and the temperatures of the electrons and phonons are Te = Tp = 0.02ωq. The chemical potential of the right lead μR is set to be zero as the energy zero point, and the bias voltage is eV = μL. Figure 1 shows the total electrical current Je and heat generation Jq varying with respect to the bias voltage when the QD is coupled to one of the MBSs with different strengths. For dot level [image: image], the electrical current Je in Figure 1A has two steps respectively around bias values of [image: image] and [image: image]. Between these two steps, the current’s line-shape shows the typical Coulomb blockade effect [32]. The origination of this effect can be explained as follows: in the absence of bias voltage, i.e., [image: image], there are an equal number of electrons in the left and right leads tunnel through the QD in opposite directions, and then results in zero charge current. In the presence of bias voltage eV = μL, there are more electrons in the left lead than the right one entering into the QD and then tunneling out to the right lead, so the current is positive. For even larger bias voltage, the electron occupation number in the QD increases since the electrons’ probability of dwelling on the dot becomes larger. Correspondingly, the probability of other electrons to enter into the dot becomes smaller, and then the current’s magnitude will not increase further. As shown in Figure 1A, the current reaches a plateau when the bias voltage is [image: image] due to the so-called Coulomb blockade effect. When [image: image], the QD level [image: image] enters into the transport window and then the current’s magnitude increases again. At the bias voltages of [image: image] and [image: image], the electrical differential conductance Gdif = dJe/dV has two sharp peaks, but is zero when [image: image], which is not shown here. There are some small steps in the curves of Jq versus eV due to the electron-phonon interaction, by which the QD energy level is modified into [image: image] [31, 32]. Now electrons can transport through the system whenever the energy states [image: image] or [image: image] enter into the bias window, which results in an abrupt increase of the electrical current. In the presence of QD-MBSs coupling ([image: image]), we find that the current near zero bias voltage is obviously changed, whereas that at relatively larger bias voltage is less influenced. This is because the MBSs are zero in energy and only exert impacts on the current around zero bias voltage, which is consistent with the results of zero bias anomaly of the conductance serving as evidence of the MBSs. [17, 20].
[image: Figure 1]FIGURE 1 | Electrical current and heat generation varying with respective to the bias voltage when the QD is coupled to MBSs. (A) and (B) are for [image: image] whereas [image: image] in (C) and (D). The two arrows in Figure 1D indicate the two NDHG. The dot-MBSs coupling strength [image: image] is set at different values. Other parameters are λq = ωq, [image: image], Te = Tph = 0.02ωq, δM = 0, U = 5ωq.
The line-shape of the heat generation in Figure 1B resembles that of the current influenced by the Coulomb blockade effect, but has no small steps induced by the electron-phonon interaction. The reason is that the heat generation in Eq. 5 is calculated from the transformed Hamiltonian in which the electron and phonon is decoupled. Therefore, the plateaus in the heat generation are much flatter compared to those in the current. The heat generation has a delay of ωq as compared to the electric current in Figure 1A [32]. This is because the heat generation Jq is caused by the phonon absorption and emission processes occurred between energy states ɛ and ɛ ± ωq [31, 32]. When the bias voltage is small eV < ωq, the electrons can not absorb enough energy from the external electrical field to emit phonon having energy ℏωq, and therefore the magnitude of the heat generation is zero. It is worth pointing out that this delay effect is absent in macroscopic systems and is more distinct at low temperature regimes. It emerges regardless of the existence of intradot Coulomb interaction or some other fields [31–34, 36]. In the presence of interaction between the MBSs at the ends of a nanowire ([image: image]), the magnitude of the electrical current in Figure 1A near the Fermi level eV = 0 is slightly decreased, with that at other bias voltage mainly remain unchanged which is indicated above. The heat generation in Figure 1B, however, can be either enhanced or suppressed. During the bias voltage of [image: image], the magnitude of the heat generation can be slightly enhanced for nonzero [image: image], but when [image: image] the magnitude of the heat generation is slightly suppressed.
When the dot level is tuned by gate voltage to be [image: image], positions of the steps in the current are changed accordingly (Figure 1C). The magnitude of the current changes more obviously by the dot-MBS coupling [image: image] as compared to the case of [image: image] in Figure 1A. As found in Ref. [10], the electron transmission will become asymmetric for [image: image] and develops a sharp peak at negative energy due to the dot-MBS coupling, which is out of the transport window. As a result of it, the current’s magnitude is weakened for [image: image]. The line-shape of heat generation in Figure 1D is quite different from that in Figure 1B. First, the amplitude of the abrupt jump in heat generation at [image: image] is much larger than that at [image: image]. This result is consistent with that in Ref. [32]. Second, in the absence of dot-MBS coupling, there is an obvious NDHG effect when the bias voltage is between [image: image] and [image: image], where the heat generation decreases with increasing bias voltage. This is because the electron passing through the QD can either absorb or emit a phonon. If the bias voltage V is between [image: image] and [image: image], the tunneling process can only be realized when the electron absorbs a phonon while electrons transport through the QD, inducing a NDHG. Third, we find in Figure 1D that another NDHG emerges when the bias voltage is between ωq and [image: image] in the presence of dot-MBS hybridization, which is called dual NDHG in the present paper. The origination of the NDHG near ωq is because the hybridization between the QD and MBS induces new states at [image: image]. Meanwhile, the NDHG in the Coulomb blockade regime is also enhanced by increasing [image: image]. This enhanced and newly emerged NDHG can be used for deducing the existence of MBSs. We emphasize that the NDHG effect is more likely to emerge in the presence of intradot Coulomb interaction, as was shown in previous works [31, 32, 37].
To show the novel dual NDHG effect induced by the MBSs, we present the results when the dot is side-coupled to another QD serving as regular fermion in Figure 2. For the sake of notational consistency, we use the same symbols δM and [image: image] to individually denote the QD energy level and the coupling amplitude between the two dots. The Hamiltonian of the present system is given by [image: image], and the Green’s function is calculated as [40, 41]
[image: image]
in which [image: image]. The molecular states of the structure of QD coupled to regular fermion are calculated from the above retarded Green’s to be ɛ = 0 and [image: image], whereas those of the dot hybridized to MBSs are at ɛ = 0 and [image: image]. Moreover, the phase shift of the two kinds of systems are different, [41] resulting in different behaviors of the current and heat generation in Figure 2. The electrical current in Figure 2A resembles that in Figure 1C only with changed positions of the steps, which indicates that the current is less influenced by the MBSs. The heat generation in Figure 2B, however, is very different from that in Figure 1D. Firstly, when the dot is coupled to regular fermion (another QD), the heat generation decreases with increasing [image: image] as shown in Figure 2B. But if the dot is coupled to MBS, the heat generation increases with increasing [image: image] which can be seen from Figure 1D. Secondly, the NDHG in the Coulomb blockade regime is eliminated by the stronger coupling between QD and regular fermion (Figure 2B), whereas that in QD-MBS structure is enhanced. Thirdly, the NDHG around [image: image] is also eliminated by increasing [image: image] when the QD is coupled to regular fermion given in Figure 2B. The above changes of the heat generation represents the unique properties of the MBSs as compared to those of the regular fermions, and then can be used for detection means for the MBSs. We have also calculated the case when the dot level is aligned to the Fermi level ([image: image]) and found that the phenomenon of NDHG disappears similar to the result in Figure 1B, and then we do not show them in the figure.
[image: Figure 2]FIGURE 2 | Je in (A) and Jq in (B) versus the bias voltage when the QD is coupled to regular fermions in another QD. As the present manuscript focuses on the NDHG occurred at non-zero dot level, here only the results of λq = ωq is presented. Other parameters are the same to those in Figure 2.
Figure 3 presents the impacts of different intradot Coulomb interaction on the electrical current and heat generation in both QD-MBS and QD-QD structures. The electrical current in Figure 3A when the dot is coupled to MBS shows small phonon-induced steps and plateaus. The intradot Coulomb interaction results in another plateau in higher voltage regimes and changes the strength of the current. The current in Figure 3C of QD-QD structure resembles that in Figure 3A and indicates the insufficiency of detecting MBS by transport means. The magnitude of the heat generation in Figure 3B for QD-MBS is decreased even for a weak [image: image], and then almost remains at the same amount with further increasing [image: image]. Meanwhile, two NDHGs emerge as soon as the intradot Coulomb interaction is turned on. Further increase of the value of [image: image] only changes the position of the NDHG in the Coulomb blockade regime, with the behavior at [image: image] remains essentially unchanged. The heat generation in QD-QD structure, however, only has one NDHG in the Coulomb blockade regime. The above results show that the dual NDHG induced by MBS is quite robust against the variation of the amplitude of intradot Coulomb interaction.
[image: Figure 3]FIGURE 3 | (A) and (B) are individually for Je and Jq in QD coupled to MBSs, and (C) and (D) are Je and Jq in QD connected to regular fermions, respectively. The Coulomb interaction is chosen at different values with fixed [image: image]. Other parameters are as in Figure 2.
Finally in Figure 4, we study the influences of direct hybridization between the MBSs δM, which is determined by the length and material properties of the nanowire, on the electrical current and heat generation when the QD is coupled to MBS. The case of the dot connected to another QD has been extensively studied [40], and we do not show it here. When the two modes of the MBSs are overlapped (δM ≠ 0), their impacts on the electrical current and heat generation is weakened. We find that the current in Figure 4A is slightly enhanced by increasing δM, with the positions of the steps and plateaus remaining unchanged. The magnitude of the heat generation, however, decreases in the presence of δM as shown in Figure 4B. The NDHG in the Coulomb blockade regime is almost unchanged by δM, whereas that near [image: image] is eliminated if the MBS-MBS coupling strength is large. The reason is that when the two modes of the MBSs interact with each other, they behave like regular fermions.
[image: Figure 4]FIGURE 4 | Je in (A) and Jq in (B) as functions of the bias voltage when the QD is coupled to MBSs for different values of δM and fixed. The Coulomb interaction is chosen at different values with fixed [image: image]. Other parameters are as in Figure 2.
4 SUMMARY
In summary, we study properties of electric current and heat generation in a QD hybridized to one mode of MBSs prepared at the one end of a nanowire. Our results show that the properties of the electric current under the influence of MBS are quite similar to those when the dot is coupled to regular fermions. In the presence of intradot Coulomb interaction, the heat generation has a NDHG effect in the Coulomb blockade regime when there is no coupling between the QD and MBS. But another NDHG in lower bias voltage regime emerges, which is called the dual NDHG effect unique to the MBSs, when the dot interacts with the MBS. We find that the dual NDHG arises even for quite weak intradot Coulomb interaction and disappears if the MBS is replaced by regular fermions. The overlap between the two modes of the MBSs destroys the dual NDHG effect, and reduces the magnitude of the electrical current because now the MBSs resemble regular fermions. The present results indicate that the behaviors of the heat current may be rather efficient for detecting the MBSs as compared to the pure electrical method.
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As a new reflective display technology, electrowetting displays (EWDs) have many important characteristics, such as high reflectivity, low power consumption, and paper-like display. However, the contact angle hysteresis, which is the inconsistency between the advancing contact angle and the receding contact angle of oil droplet movement, seriously affects the response speed of EWDs in the driving process. According to the hysteresis phenomenon of contact angle in an oil switch motion with the action of interface tension, the brightness curve of EWDs in the process of pixel switching by different driving voltages was tested in this paper, and driving voltage was changed from 30 to 100 V at the same time. Then, in order to reduce the influence of the hysteresis effect, an equivalent driving waveform design method with overdriving voltage was proposed, and the overvoltage was set to 100 V according to the hysteresis effect and driving characteristic of EWDs. Experimental results showed that the response rising time of EWDs was reduced to 21 ms by using the proposed driving waveform, and the response performance of EWDs can be effectively improved.
Keywords: electrowetting display, equivalent driving, response time, hysteresis, driving waveform
INTRODUCTION
Reflective display has become common in e-readers. The most successfully commercialized e-book reader was produced by Amazon and Sony. At present, electrowetting displays (EWDs) have excellent characteristics of high reflectivity [1], fast response [2, 3], and paper-like display and low power consumption [4, 5], which is completely superior to electrophoresis displays (EPDs) [6, 7]. Moreover, the manufacturing engineering of EWDs is based on the liquid crystal display, which makes it cost-effective and easier to manufacture [8, 9]. Therefore, many scholars and investors have been attracted by EWD technology.
EWDs can realize an optical switch by controlling the movement of colored oil films. It was first proposed and implemented by Hayes in 2003 and published in Nature [10]. When a pixel unit was on-switching or off-switching, the brightness curve corresponding to the splitting, moving, and restructuring of the oil film in pixels was usually called the on-off curve, which is also called the response curve of EWDs [11]. Response time refers to the response speed of EWDs for displaying gray scales. Generally speaking, the response time is divided into two parts: rising time and falling time, and the sum of the two is called the response time of EWDs. However, in a response process, the oil backflow and hysteresis could lead to a negative effect on reducing the response time of EWDs [12]. So, research on response time is of great significance to analyze the oil film hysteresis, backflow, interface mechanics, and electrodynamics of EWDs.
The hysteresis effect, which is caused by the inconsistent contact angle and the persistence of oil backflow, can increase the complexity of shortening the response time [13, 14]. In 2011, Yung [15] studied the method of controlling grayscales and fast response of EWDs and proposed an asymmetric gray scales driving scheme, which changed the hysteresis characteristic curve of EWDs. It not only accelerated the response time but also effectively suppressed the phenomenon of oil backflow. However, researchers did not further explore the parameters of response time and backflow. In 2015, Yi [16] used electrophoretic chips to drive a matrix EWD system and used a unipolar PWM waveform modulation to realize EWD gray scales display. And a reset sub-frame was set to release charge trapping for weakening the oil backflow phenomenon, so as to keep a stable on-state for a longer time in a pixel. But this method prolonged the response time. In 2019, Yi [17] adopted a method of amplitude-frequency mixed modulation to drive EWDs. The oil was driven at 30 V to quickly approach a target reflectivity, and then the driving voltage was reduced to stabilize the oil reflectivity to the target reflectivity. But the response time of EWDs was limited. Lately, Zeng [18] introduced a 4 ms overdriving stage at 32 V to improve the response speed of EWDs, but the situation of much higher overdriving voltages had not been studied. In addition, it did not give a general method to design a waveform, and the proposed waveform was only limited to the EWD used in its verification. Once the technological process of EWDs changes, it will result in an inevitable redesign of the waveform.
In this paper, by recording the brightness curve of EWDs during the on- and off-switching process, the influence of oil motion hysteresis on response time was analyzed, and the hysteresis phenomenon of EWDs was summarized. Then, a driving method with an equivalent driving constant for EWDs was proposed. Furthermore, an overvoltage driving waveform was designed to shorten the response rising time of EWDs. The proposed driving constraint method enabled overvoltage driving to be used in EWDs. The validity of this method was verified by experimental data.
PRINCIPLES
Driving Principle of EWDs
The principle of EWDs is based on the movement of colored oil droplets by applying an external voltage [19–21]. Its essence is an optical switch [22]. The structure of an EWD is mainly composed of the glass substrate, indium tin oxide (ITO), hydrophobic insulator layer, pixel wall, colored oil, and water [23, 24]. The EWD operating principle and pixel structure are shown in Figure 1. When no driving voltage is applied between the electrodes, the colored oil film lies naturally between the water and the hydrophobic insulator layer; as shown in Figure 1A, the pixel is in a dark off-state. However, when a driving voltage is applied between the substrate electrode and the water, the oil film can be pushed aside by water with the electrowetting effect. As shown in Figure 1B, the reflective substrate electrode is exposed, different wavelengths of reflected light are superimposed to form a white optical sense, and the pixel is in a white on-state. In this way, the optical properties of the stack can be switched between a colored off-state and a white on-state [25, 26].
[image: Figure 1]FIGURE 1 | Driving principle and pixel structure of EWDs. The optical stack consists of the glass substrate, indium tin oxide (ITO), a hydrophobic insulator layer, pixel wall, colored oil, and water. (A) Without applied voltage, a homogeneous oil film is present and the pixel is in colored off-state. (B) With an applied voltage, the oil film is shrunk to a corner and the pixel is in white on-state.
Hysteresis Effect of EWDs
In a pixel, the inconsistency between the advancing contact angle and the receding contact angle of oil droplet movement results in the hysteresis of EWDs [27, 28]. On the non-ideal surface, the droplet is in a metastable equilibrium state. When the droplet is deformed, there is a difference between the forward contact angle and the backward contact angle. This phenomenon is called contact angle hysteresis. In EWDs, the hysteresis phenomenon of contact angle would lead to the hysteresis effect, which shows that the reflected light intensity curves of the EWDs cannot coincide in the open phase and the closed phase. The main reasons for hysteresis include slight fluctuation in the process of oil film rupture and recombination and the viscous dissipation between the oil and dielectric layer at the same time.
The fluctuation of oil film rupture in an on-switching process is mainly caused by the fluctuation inside the oil after applying an external electric field force. Figure 2 shows the process of oil film rupture in a pixel from off-state to on-state. During oil contraction, with the increase of the external force, the fluctuation amplitude can be increased. When the fluctuation is large enough, the oil film can be ruptured. This is related to the pixel structure and oil material parameters, as shown in Equations 1, 2 [29].
[image: image]
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where [image: image] is the voltage-dependent induction time caused by the oil film rupture, and [image: image], [image: image], [image: image], and [image: image] are viscosity, oil/water interface tension, oil film thickness, and electrostatic driving force, respectively. Modes (m,n) are characterized by a wavenumber [image: image] which must be compatible with pixel dimensions [30]. When the driving voltage is low, the hysteresis phenomenon of EWDs is more obvious and the response time becomes longer.
[image: Figure 2]FIGURE 2 | The process of oil film rupture in a pixel from off-state to on-state. For the on-switching process, after applying external electric field force, the oil film begins to rupture with slight fluctuation. The fluctuation amplitude becomes larger with the increase of external force, and then, the oil can be shrunk to corners.
The oil recombination process is the off-switching stage of an EWD pixel, as shown in Figure 3. The capillary force existing in the oil/water interface and the net force on the contact line are key elements in this reforming process. The timescale [image: image] which governs this reforming process is defined as Eq. 3.
[image: image]
[image: Figure 3]FIGURE 3 | The process of oil film recombination in a pixel from on-state to off-state. For the off-switching process, when the driving voltage is decreased, the oil begins to recombine with slight fluctuation, and the oil is spread out in the pixel gradually.
The oil recombination time is inversely proportional to the thickness of the oil film. When the oil film fluctuation is much smaller than the thickness of the film, the equation is strictly valid. However, when the thickness of oil becomes thinner, the hysteresis effect can be increased dramatically. In the driving process, the thickness of the oil film varies as the voltage becomes larger. When the voltage is removed, the oil reforming time will be affected by different potential energy in the recombination process. When the conductive liquid contacts with the hydrophobic insulator layer, there is a resistance force in the three-phase contact line among the hydrophobic insulator layer, the oil, and the conductive liquid. This is because the surface of the hydrophobic dielectric insulation is not completely smooth. The force which hinders the oil movement in the three-phase contact line can lead to viscous dissipation.
A C-V curve for a segment of an EWD panel was shown in Figure 4. In the process of driving colored oil in pixels, when the driving voltage increased from 0 to 40 V, the colored oil film changed from lipophilic to hydrophilic. At the same time, with the combined action of electric field force, the polar liquid oil film ruptured and gradually gathered to corners. Ideally, the oil film would gather in a pixel corner. In this process, the voltage at the point at which the oil film began to be ruptured was called the threshold voltage. Above the threshold voltage, the optical response could be increased gradually. When the driving voltage decreased from 40 to 0 V, the optical response decreased linearly. The oil film rewets the interface until the fluoropolymer surface was completely covered. There was a clear hysteresis between switching-on and switching-off electro-optic curves.
[image: Figure 4]FIGURE 4 | | Hysteresis characteristic curve of an EWD panel. A step voltage from 0 to 40 V was used to measure the rising edge curve. The step time was 2 s and the step voltage was 2 V. A step voltage from 40 to 0 V was used to measure the falling edge curve. The step time was 2 s and the step voltage was −2 V.
EXPERIMENTAL RESULTS AND DISCUSSION
Optical Measurement Platform
To measure the Luminance-Time relationship of EWDs, a response testing platform was set up as shown in Figure 5. The main optical measuring equipment was a colorimeter (Arges-45, Admesy, Netherlands) which was used to measure the EWD luminance. Its measuring speed is 10,000 times/s, and the size of the measuring point is 3 mm. The optical system adopted a 45-degree incident light source and a 90-degree measuring angle. It was connected with a computer (M425, Lenovo, China) to save and display measured data graphically. In addition, experimental equipment also included a function waveform generator (AFG3052C, Tektronix, United States), an amplifier (ATA-2022H, Agitek, China), and a microscope (XTL-165, Phenix, China). The system used an adjustable DC power supply for providing a voltage that could change from 0 to 30 V. Programmable driving voltages were generated by the function waveform generator in combination with the voltage amplifier. And the fluidic pattern in pixels was recorded by the camera with a microscope synchronously. This system could record the brightness change of the reflected light during the driving process of EWDs.
[image: Figure 5]FIGURE 5 | The response testing platform of EWDs. ① Waveform generator. ② Voltage amplifier. ③ EWD panel. ④ Colorimeter. ⑤ Computer. ⑥ Microscope.
In the tested EWD panel, Teflon AF1600 was used as the hydrophobic insulator layer material. The insulator was spin-coated on the ITO glass substrate with a resistivity of 100 Ω Sq. Transparent polyimide was used as the grid material of pixel walls and the photoresist was Microchem SU8 3005. The conductive fluid was NaCl with a concentration of 0.001 M. The parameters of the EWD panel used in the experiment were shown in Table 1.
TABLE 1 | Parameters of the EWD panel.
[image: Table 1]Driving Waveform Design
Driving waveforms were designed to study the influence of the hysteresis effect and oil backflow on the response time of EWDs; the response time of the traditional driving scheme and that of equivalent voltage driving scheme were compared. In the experiment, with the increase of voltage, the reflected brightness curve of EWDs became steeper from off-state to on-state. However, from on-state to off-state, the reflected brightness of EWDs was decreased with the rewetting of the oil. Finally, the oil was tiled again in the pixel.
As shown in Figure 6, when the applied DC voltage was 100 V and the EWD was driven for 15 ms, the reflected light intensity of the EWD was stronger than that of the low voltage. When pixels were observed with a microscope, the aperture ratio of the pixel was increased from 60% (at 30 V) to 65% (at 100 V), but the oil film overflowed to the pixel wall after the voltage driving, resulting in an increase of the light transmission intensity of pixels, and this process was irreversible. Through the analysis of the brightness curve, the brightness value could not be restored to the value before power on. At the same time, the slope of the descent curve could be changed and the descent time was prolonged.
[image: Figure 6]FIGURE 6 | The brightness curve of an EWD driven by a DC voltage for 15 ms. The applied driving voltage was 100 V. The oil film overflowed to the pixel wall, and it could not cover the whole pixel even power off.
In order to prevent the oil film from overflowing, an equivalent driving constant E = UT was designed, where U was the driving voltage, and T is the driving time of no oil film overflowing to the pixel wall. In this case, T was defined as the time when the oil film was driven from 0 to 90% of the maximum pixel aperture. As shown in Figure 7, the EWD was driven at 30 V, T was 44 ms, and then, the equivalent driving constant E was 1,320. When the product of applied voltage and driving time was greater than the equivalent driving constant, the oil film shrinkage state could exceed the limit. Excessive electric field force would make the oil film overflow the pixel wall, resulting in a reduction of the oil film. When the pixel was closed, some areas could not cover with the oil film, which showed that the pixel was always in on-state. Figure 8 showed a top view of oil film when oil overflowed to the pixel wall with a high voltage.
[image: Figure 7]FIGURE 7 | The switch response curve of EWDs with a 30 V driving voltage and the calculation diagrammatic sketch of the constant E.
[image: Figure 8]FIGURE 8 | Top view of pixels when the oil film overflowed to the pixel wall. When the EWD panel was driven by a high voltage, the oil film gathered on the pixel wall. When the driving voltage was removed, the amount of oil film in the pixel grid changed, and the oil film could not cover the whole pixel, which made the pixel unable to close. The circle in the middle of the pixel was an extra pinning structure (EPS). The random black spots in pixels were the residual oil.
Figure 9 showed brightness-time curves of an EWD when it was turned on and off with applied voltages of 40, 60, 80, and 100 V. After switching off the device, the brightness value could return to the value before the EWD was turned on, which proved that the equivalent driving method could make EWDs work without being damaged. With the constraint of the equivalent driving constant 1,000, the driving times were 25, 16, 12, and 10 ms, respectively, when the applied voltages were 40, 60, 80, and 100 V. The larger the driving voltage was, the steeper the rising edge of the response curve was. Meanwhile, the aperture ratio was larger, and the light reflection intensity of the pixel was higher. The response rising time took 1.2 ms for 100 V driving voltage, 1.95 ms for 80 V driving, 3.9 ms for 60 V driving, and 10.7 ms for 40 V driving. With the increase of driving voltage, the pixel opening time decreased exponentially, as shown in Figure 10.
[image: Figure 9]FIGURE 9 | Comparison of oil film opening time among different voltages with equivalent driving constraints. The larger the driving voltage, the steeper the rising edge of the response curve.
[image: Figure 10]FIGURE 10 | The relationship between driving voltage and pixel opening time. The dot in the figure represented the response rising time of the pixel when the applied driving voltage was from 20 to 100 V. The pixel opening time was decreased exponentially with the increase of driving voltage.
Figure 11 showed the comparison of the oil film closing process with different driving voltages. The falling curve was a process of pixel closing. The larger the pixel aperture ratio, the higher the concentration height of the oil film. And the potential energy of the oil film in a pixel was larger, which made the timescale of rewetting shorter when it was in the off-switching process. When the EWD panel was driven by 40, 60, 80, and 100 V, the oil film closing time was 31.7, 24.6, 14.8, and 10.9 ms, respectively. Figure 12 showed the relationship between the driving voltage and the oil film closing time. The larger the driving voltage, the shorter the closing time. The curve showed an obvious linear relationship.
[image: Figure 11]FIGURE 11 | Comparison of oil film closing time among different driving voltages with equivalent driving constraints. The larger the pixel aperture ratio, the faster of rewetting the whole pixel.
[image: Figure 12]FIGURE 12 | The relationship between different driving voltages and oil film closing time. The dot in the figure represented the closing time of the pixel when the applied driving voltage was from 20 to 100 V. The larger the driving voltage, the shorter the closing time.
The overvoltage driving waveform was shown in Figure 13. The proposed driving waveform was divided into two stages, including 100 and 11 V driving voltages. In the first stage, an overdriving voltage was used to accelerate the oil film motion. The pixel opening time was reduced by an overdriving voltage (100 V). The driving waveform of the second stage was used to maintain the pixel opening state and maintain the aperture ratio by a normal driving voltage (11 V). In Figure 13, the driving time in the first stage was 10 ms, and the oil film stabilization time was 11 ms in the second stage, which shortened the pixel opening time of 11 V to 21 ms, and it improved the response performance of a pixel.
[image: Figure 13]FIGURE 13 | Diagram of an overvoltage driving waveform and the response curve of EWDs with a 100 V overvoltage. The proposed driving waveform contained two stages. The first stage was an overvoltage for accelerating the oil film motion. The second stage was used to maintain the pixel opening state by a normal driving voltage.
When the overvoltage was 100 V in the first stage, the luminance curve of an EWD driven by different voltages from 9 to 30 V in the second stage was shown in Figure 14. The lower driving voltage in the second stage had little effect on the pixel opening time. However, the pixel opening time increased exponentially with the decrease of driving voltage when the EWD panel was driven by a DC voltage. Moreover, due to the hysteresis characteristic of EWDs, it was difficult to turn on pixels at a low DC voltage. On the contrary, the proposed driving waveform could still turn on pixels at 9 V. That is to say, the proposed driving waveform significantly improved the lowest aperture of pixels and enhanced the grayscale display ability of EWDs.
[image: Figure 14]FIGURE 14 | The brightness curve of an EWD which was driven by different voltages from 7 to 21 V in the second stage. The lower the driving voltage, the more obvious reduction of pixel opening time.
CONCLUSION
In this paper, an equivalent driving waveform design method was proposed according to the driving hysteresis characteristics of EWDs. The brightness changes of an EWD pixel during the switching process were statistically analyzed, and the equivalent driving constants were proposed as parameters for driving waveform design. Response curves of the pixel switching process with different driving voltages from 30 to 100 V were analyzed experimentally. It was proved that the equivalent driving constant could effectively protect EWDs from damage. Meanwhile, the overvoltage driving waveform of 100 V was designed to shorten the response rising time to 21 ms with an 11 V driving voltage. The proposed driving waveform could improve the display performance of pixels and facilitate the process of market application of EWDs.
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Properties of spin Seebeck effect (SSE) in a quantum dot (QD) connected to a topological superconductor or semiconductor nanowire with strong spin-orbit interaction are theoretically studied by the noneqilibrium Green’s function method combined with Dyson equation technique. At low temperatures, Majorana zero modes (MZMs) are prepared at the ends of topological superconductor or semiconductor nanowire, and are hybridized to the QD with spin-dependent strength. We consider that the QD is coupled to two leads in the presence of spin heat accumulation (SHA), i.e., spin-dependent temperature in the leads. We find that the thermopower is spin-polarized when the hybridization strength between the QD and one mode of the MZMs depends on electron spin direction, and its spin-polarization can be effectively adjusted by changing the magnitude of SHA. By proper variation of the spin-polarization of the QD-MZM hybridization strength, magnitude of the SHA, dot level, or the direct coupling between the MZMs, 100% spin-polarized or pure thermopower can be generated. Our results may find real usage in high efficiency spintronic devices or detection of the MZMs, which are under current extensive study. The present model is within the reach of current nano-technologies and may by used in high efficiency spin caloritronics devices.
Keywords: spin-dependent temperature, quantum dot, Majorana zero modes, spin seebeck effect, spin-polarized coupling
1 INTRODUCTION
In the last decades, generating and manipulating spin current in closed circuits or spin bias in open ones by thermal bias have been successfully realized in experiments. This interdisciplinary subject of thermoelectric effect and spintronics is referred to as spin caloritronics aiming at spin control in terms of thermal means [1, 2]. In the usual thermoelectric effect, the Seebeck effect known as generation of electrical current or bias voltage in response to a temperature difference between two ends of a system is the most frequently investigated issue [3, 4]. The measured quantity is the thermopower S = ∑σSσ with Sσ = −ΔVσ/ΔT the spin-resolved one denoting induced spin bias voltage ΔVσ by a temperature gradient ΔT. In spin caloritronics, the counterpart of Seebeck effect is the spin Seebeck effect (SSE) [5]. It refers to the generation of pure spin current in the absence of charge electrical current, or spin bias denoting spin-resolved chemical potentials. Since the interaction strength between electron spins is much weaker as compared to the electrostatic force, and then the SSE suggests a possibility of high-efficiency and low-energy nano-scale thermoelectric devices. It is also promising in the detection of small temperature difference in low-dimensional systems [5], and has been extensively investigated in the fields of spin current rectifier [6], magnetic heat valves [7], quantum cooling [8], thermal spin-transfer torque [9], thermovoltaic transistor [10], thermal logic gates and thermal memory for quantum information processing [11]. After the pioneering work of K. Uchida in 2008 [5], the SSE has been continuously observed in various materials [12–21], including magnetic metals, ferromagnetic insulators, ferromagnetic metals, ferromagnetic semiconductors, nonmagnetic materials with a magnetic field, paramagnetic materials, antiferromagnetic materials, and even topological insulators.
In the definition of spin-dependent thermopower Sσ, the generated spin bias voltage ΔVσ denotes the split mechanical potentials as [image: image], and the spin-up and spin-down electrons are individually at different states μσ due to the existence of thermal bias ΔT. The spin bias is the driving force for electron transport and induces spin-polarized currents. In fact, from the Fermi-Dirac function fσ = 1/{ exp [(ɛ − μσ)/kBTσ] + 1}, one can expect that the driving force for spin-dependent electronic transport to come from a spin-dependent electrons’ temperatures Tσ, whose function is similar to the spin bias μσ. This is called as spin heat accumulation (SHA) realizable by an electric current from a ferromagnet into a nonmagnetic material [7, 22–26]. Usually, the SHA emerges with the accompany of spin bias voltage and is quite weak as compared to the latter. In recent experiment [24], the magnitude of SHA can be enhanced to as high as about several kelvins.
Very recently, thermoelectric effect [27–31] was proposed to be used for detecting Majorana zero modes (MZMs), a kind of quasi-particles of Majorana fermions having zero energy that can be realized in nano-scale topological superconductors [32, 33]. They are of their own antiparticle and charge neutral [32–35], and have potential applications in fault-tolerant quantum computation and energy-saving spintronic devices [36]. Due to their exotic zero-energy, chargeless properties, the detection of them is the central topic in studies relating to MZMs. Currently, the most important detection means is the electrical tunnel spectroscopy by applying a voltage ΔV across the nanowire with MZMs and to observe the associate current. The MZMs induce a zero-bias anomaly in the differential of electrical conductance [32, 33, 37], which is viewed as the evidence of MZMs. But this zero-bias anomaly in the conductance may also induced by some other mechanisms, for example, the Kondo effect [35]. Therefore, some other schemes, including the thermoelectric effect tuned by MZMs, were then continuously proposed in recent years. It was proved that the electron-hole symmetric nature of the MZMs which results in null thermoelectric effect can be effectively broken in a structure with a quantum dot (QD) coupled to topological superconductor hosting MZMs [27, 28]. Large value of thermopower satisfying Mott formula was proposed for detecting temperature of MZMs [19]. Such a system is possible to deduce information of the dissipative decay of MZMs [29]. In a two-terminal structure with a QD sandwiched between two leads and side-coupled to MZMs, a global sign reversion of the thermopower induced by MZMs was studied by López et. al. Such a phenomenon is caused by the direct MZM-MZM coupling [28]. The sign change and abnormal enhancement of thermopower by coupling between the QD and MZMs were also studied in some subsequent works [30, 31].
In our recent work, we have proposed a scheme composing of a QD side-coupled to MZMs to detect the SHA in terms of sign change of thermopower [38]. The mechanism is that the thermopowers of different spin components will change signs at different temperatures due to the QD-MZMs coupling. The SHA denoting spin-dependent temperature then can be inferred by the change of spin-polarized thermopower varying with respect to the magnitude of SHA. This task can also be fulfilled by observing the charge thermpower, which is much easier to be measured in experiments. In the previous work [38], we proved that the transition temperature of the thermopower depends on the QD-MZMs coupling strength, and the ferromagnetism of the two leads connected to the QD. Above or below the transition temperature, both 100% spin-polarized or pure spin thermopower will emerge due to the influences of SHA and MZMs. In the present paper, we study the properties of thermopower in a QD connected to the left and right leads with SHA, and also to a topological superconductor nanowire hosting MZMs. We focus our attention of the spin-resolved thermopower induced by the existence of MZMs, which are coupled to electrons on the QD with spin-dependent coupling strength. Our numerical results show that 100% spin-polarized and pure spin thermopower can be obtained by varying several system parameters, such as spin-polarization of the QD-MZM hybridization interaction, inter-MZM coupling strength, magnitude of the SHA, and the dot levels.
2 MODEL AND METHODS
The system Hamiltonian we study can be written in the following form [30, 31, 38].
[image: image]
where [image: image] is the creation (annihilation) operator for an electron with momentum k, energy ɛkβ in the non-interacting leads β = L, R. [image: image] is the electron creation (annihilation) operator having gate voltage tunable energy level ɛd, spin-σ and intradot Coulomb interaction U. The coupling strength between the QD and the leads is described by Vkβ. The last term HMZMs in Eq. 1 is for the MZMs formed at the ends of a topological superconductor nanowire. Here we assume that the QD is side-coupled to one mode of the MZMs and [39],
[image: image]
in which ΔM is the inter-MZM coupling strength with [image: image] and {ηi, ηj} = δi,j. The spin-dependent hybridization strength between the MZM and electrons on the QD is λσ. We transform the Majorana operator ηj to the regular fermionic operators f as [39] [image: image] and [image: image], and then HMZMs is rewritten as
[image: image]
In this paper, we study the thermopower in linear response regime (infinitesimal bias voltage ΔV and temperature bias ΔT) which is calculated from Sσ = −K1,σ/(eTσK0,σ), where the integrals are [28–31],
[image: image]
in which ℏ is the reduced Planck’s constant, and μ = 0 is the leads’ chemical potential. The spin-dependent equilibrium Fermi distribution function is written as fσ(ɛ) = 1/{1 + exp [(ɛ − μ)/kBTσ]} with kB the Boltzmann constant and Tσ the spin-dependent equilibrium temperature known as SHA in the leads. Here we set the spin-resolved temperatures in the leads to be T↑ = T + δT/2 and T↓ = T − δT/2 with T the system equilibrium temperature. The transmission coefficient ζσ(ɛ) in the above equation can be obtained by using the Dyson equation method combined with Keldysh nonequilibrium Green’s function technique as [28–31], [image: image], where [image: image] and the line-width function ΓL(R) = 2π∑k|VkL(R)|2δ[ɛ −ɛkL(R)] is independent of electron spin for normal metal leads. The electron retarded Green’s function in the transmission coefficient can be calculated by the Dyson equation method as [40, 41].
[image: image]
where Γ = ΓL + ΓR, and the electron (hole) free retarded Green’s function is calculated from the equation of motion method as [40, 41].
[image: image]
The interacting electron Green’s function then is obtained as [image: image]. The occupation number nσ in the above free retarded Green’s function needs to be calculated self-consistently from the equation of [image: image].
3 RESULTS AND DISCUSSION
In the following numerical calculations, we set the band width in the leads D = 40 as the energy unit, and fix ΓL = ΓR = 0.1. Other constants are e = ℏ = kB = 1, with the leads’ chemical potentials μL = μR = μ = 0. Figure 1 shows the influences of QD-MZM coupling strength on the electrical conductance and thermopower without SHA (δT = 0). In numerical calculations, the spin-dependent hybridization λσ is set to be λ↑ = λ(1 − P) and λ↓ = λP, with P the spin-polarization of the QD-MZM hybridization [40]. For the particular arrangement of λσ, we only present G↑ in Figure 1A and S↑ in Figure 1B, the behaviors of the spin-down component can be easily deduced. For P = 0, λ↑ = λ whereas λ↓ = 0, and G↑ in Figure 1A shows the typical double-peak configuration due to the Coulomb-blockade effect [30, 31]. The peaks’ height is half of its quantum value e2/h. With increasing P, the magnitude of λ↑ decreases and the peak’ height of G↑ increases, accordingly. For p = 1, the spin-up electrons on the QD are totally decoupled from the MZM as λ↑ = 0 and then the peak of G↑ = e2/h. If the QD is coupled to a regular fermion, the peak value of the electrical conductance is zero, which is not shown here [39]. Such a change of the conductance G induced by the QD-MZM coupling originates from the half-fermionic properties of MZM and was first found by Liu et. al., and is a strong evidence of the existence of MZMs. [39].
[image: Figure 1]FIGURE 1 | The spin-up electrical conductance G↑ in (A), and thermopower S↑ in (B) as functions of the dot level ɛd for indicated parameters, respectively. Due to the arrangement of λσ, G↑,P=0 = G↓,P=1, G↑,P=1/4 = G↓,P=3/4, and G↑,P=1/2 = G↓,P=1/2. The same holds true for the thermopower, and then we only illustrate the results of spin-up component.
Figure 1B shows the spin-up thermopower S↑varying with respect to the dot levelɛd for different value of spin-polarization of QD-MZM coupling strength. For λ↑ = 0 (P = 1), the thermpower has three zero points individually at ɛd = 0, ɛd = −U/2, and ɛd = −U as shown by the green dash-dot-dot line [30, 31]. At the two sides of each zero point, S↑ develops two sharp peaks with opposite signs. From the calculation formulae of the thermopower and Kn,σ, one can see that the integrand of K1,σ is antisymmetric with respective to the chemical potential for symmetrical transmission coefficient ζσ(ɛ). This indicates that, for λσ = 0 the magnitude of Sσ will be obviously suppressed in left-right symmetrical system as the tunneling of electrons will be compensated by the holes at the three zero points [27–30], which leads to null thermoelectric effect, i.e., zero thermopower. With increasing λ↑ (decreasing P), the value of the thermopower at the zero points keep unchanged, whereas at other dot level except for the electron-hole symmetric point ɛd = −U/2, it fist decreases, reaching zero and then changes its sign. Such a sign change of the thermpower induced by QD-MZM coupling was also predicted by Chi et. al. in a recent work [30, 31]. We emphasize that in their work, the spin-up and spin-down electrons couple to the MZM with equal strength, i.e., the coupling strength between the QD and the MZM is spin-independent, and then the thermpower changes sign in the whole dot level regime. In the present paper, however, the consider the case of the spin-dependent QD-MZM coupling and find that the thermopower will not change its sign around Sσ = −U/2. The sign of Sσ can be reversed by varying the value of P indicates that the electron or hole tunneling direction is tunable by the MZM. As is known that the thermoelectric effect arises from the thermal bias applied between the two leads. We assume the left lead is hotter as compared to the right one, and then there are more electrons above the chemical potential in the left lead and more empty states below the chemical potential. If the dot energy level is below the chemical potential, electrons in the right lead will transport to the left one and occupy the empty states. This induces a positive thermopower. If the dot level is above the chemical potential, electrons in the left lead will tunnel into the right one and induces negative thermopower [27–29]. For non-zero λσ, the electron energy levels are modified by the QD-MZM coupling [39]. Therefore, electron transport is converted into that of holes at different energy states, inducing sign change of the thermopower. It is worth noting that the sign change of the thermopower induced by MZM-MZM coupling ΔM was early predicted [28] and proposed to be an detection means for the existence of Majorana fermions. The sign change of the thermpower by QD-MZM coupling may provide a more feasible means to probe the existence of the MZMs as compared to the direct coupling between the MZMs. This is because that in experiments the value of ΔM is adjusted by the length of nanowire hosting MZMs [32, 33]. For long enough nanowire, ΔM vanishes. The strength of QD-MZM coupling, however, can be adjusted in experiments by the capacitive coupling of the tunnel-gate between QD and MZMs [32, 33]. The sign change of the thermpower can be explained as follows: in definition of the thermopower and K1,σ, one can see that Sσ is proportional to ∫ɛdɛ and is zero for symmetric ζσ(ɛ) when ɛd = 0 or − U. Because − ∂fσ(ɛ)/∂ɛ is symmetric with respective to ɛ = 0 and − U, the peaks of the ζσ(ɛ) induced by QD-MZM coupling in the positive (negative) energy regime moves toward (away from) the chemical potential. At low temperatures, the Sommerfeld expansion of the Fermi function shows that the thermopower obey the relationship of [image: image], and induces negative (positive) thermopower at the corresponding dot level. Note this relationship between Sσ and λσ is valid for only nonzero λσ.
Figure 2 presents spin-up conductance G↑ in (a) and S↑ in (b) varying with the system temperature T for different values of P (λ↑) and fixed λ = 0.05. Since S↑ = 0 at ɛd = 0, we then fix ɛd = −0.1. Figure 2A indicates that at ultra-low temperature, the conductance for p = 0 is G↑ = e2/2h showing the exotic half-fermionic character of the MZMs [39], see the solid line. It is worth of noting that the property of G↑ = e2/2h is independent on the value of dot level. With increasing temperature, the thermal motion of electrons becomes stronger and the impacts of QD-MZM coupling is weakened. As a result of it, the value of conductance is suppressed accordingly. When P > 0, the coupling between spin-up electrons on the QD with MZM becomes weaker, and then the conductance is also suppressed. For P = 1, the spin-up electrons is free from interaction with the MZM, and the conductance becomes normal as shown by the green dash-dot-dot line. The thermopower in Figure 2B shows a clear sign reversion at a particular system temperature T for small spin-polarization of the dot-MZM coupling strength P [or, equivalently large λ↑ = λ(1 − P)]. It is found that the transition temperature of S↑ become lower with smaller λ↑. For very weak λ↑, S↑ is positive in the whole temperature regime. As was explained in our previous work, the sign reversion of the thermopower is induced by the asymmetric transmission in the presence of the QD-MZM coupling. Since the sign reversion of the thermopower depends on both the system temperature and magnitude of QD-MZM coupling, it enable that one spin component thermopower is zero whereas the other component is finite. In this way, a 100% spin polarized thermopower can be obtained. It is also possible that the thermopowers of the two spin components are of the same amplitude but have opposite signs, i.e., a pure spin thermpower without the accompany of charge thermopower. In spintronics, 100% spin-polarized and pure spin thermopowers are the corresponding currents or bias voltages.
[image: Figure 2]FIGURE 2 | G↑ in (A) and thermopower S↑ in (B) as functions of system equilibrium temperature T for the given parameters. The thermpower changes sign by varying the temperature with the help of the MZMs.
We study influences of the SHA denoted by δT [7, 23, 24] on the thermopowers at different dot levels in Figure 3. Here we set p = 0.5 so as to λ↑ = λ↓ and S↑ = S↓ for δT = 0. It is found that S↑ in Figure 3A and S↓ in (Figure 3B) respectively approach to positive and negative values with increasing δT [38]. This is because the spin-up and spin-down electrons are in different temperatures for finite value of δT, and then have corresponding different transition temperature of the thermpower. The charge thermopower Sc = S↑ + S↓ in Figure 3C may also change its sign at dot levels of ɛd = −0.3 and −0.2, whereas it keeps positive at ɛd = −0.1. Interestingly, the charge thermpowerSc = 0 at about δT = 3T/4 for both ɛd = −0.3 and −0.2, which provides a feasible way of changing the charge thermopower. In Figure 3D we present the result of pure spin thermpower Ss = S↑− S↓. There are three characters worth to be pointing out: one is that Ss shows the perfect linear relationship with δT, which is ideal in detecting the strength of SHA; and the other is that Ss is positive in the whole range of δT. This indicates that a pure spin thermopower in the absence of charge thermopower can be generated by properly adjusting some system parameters, such as the dot level, magnitude of SHA, QD-MZM coupling strength or its spin polarization. At last, the magnitude of Ss is comparable to that of the charge one, which is important in thermospin devices.
[image: Figure 3]FIGURE 3 | Spin-up thermopower in (A), spin-down thermopower in (B), charge thermopower in (C) and spin thermopower in (D) as functions of SHA magnitude δT for indicated parameters.
Finally in Figure 4 we present the influences of MZM-MZM coupling strength ΔM on the spin-dependent thermopower. The most important property of the spin-up thermpower in Figure 4A is the sign change induced by ΔM, which has also been found in some previous work [28, 30, 31, 38]. The sign change of the thermopower by ΔM can also been explained in terms of the shape of the electronic transmission function ζσ(ɛ), [1, 2] which not shown here. For the particular value of P, the spin-down thermopower in Figure 4B keeps unchanged. From the two figures one can see that S↑ and S↓ of the same amplitude may be opposite in sign, which enable the emerge of 100% spin polarized or pure spin thermpowers.
[image: Figure 4]FIGURE 4 | Thermopower for spin-up electrons in (A) and spin-down ones in (B) as functions of the dot level for varying MZM-MZM coupling strength ΔM for indicated parameters.
4 SUMMARY
In conclusion, we study properties of spin-dependent thermopower adjusted by MZMs in a QD connected to two normal metal leads. Our numerical results show that the spin-polarized thermopower will change its sign by varying the system equilibrium temperature with the help of interaction between the dot and one mode of the MZMs, which is useful in generating 100% spin-polarized or pure spin thermopowers. The SHA will change the signs of spin-up and spin-down thermpowers with enhanced magnitude. By the combined effect of the SHA and hybridization between the dot and MZM, the spin-polarized thermpower can be fully adjusted and enhanced, which is vital in energy-saving nanoscale devices.
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On the same micro-LED display panel, LED pixels are always operated with high and low biased voltages simultaneously to show different brightness and colors. Thus, it is vitally important to understand the effect of the heat transmission between LEDs under high and low biased voltages. In this work, we design two different LED groups: Group A is two LEDs bonded together for heat transmission and Group B is two LEDs separated from each other. Then, the two LEDs are operated at one fixed and one tuned biased voltage respectively in each group in a vacuum chamber and the efficiency of the two groups is studied both experimentally and numerically. Here, our experimental results demonstrate that Group A exhibits a maximum improvement of 15.36% in optical output power compared with Group B. The underlying reason is that the wall-plug efficiency of the LED with a voltage lower than photon voltage (V < ℏω/q) is surprisingly enhanced by elevated temperature owing to the heat transmission by the LED under a high biased voltage in Group A. Our further study shows that in such a low voltage region the improvement in the efficiency is attributed to the enhanced carrier concentrations with elevated temperature. On the other hand, the LED in Group A under a high biased voltage further raises the overall efficiency by alleviating the thermal droop due to reduced temperature. Device temperature measurement and numerical calculation of radiative recombination under different temperatures further support the superior performance of Group A LEDs. Our research results can act as the research prototype to design the high-efficient LED arrays for better energy recycling and thermal control.
Keywords: thermal heat, light emitting diode (LED), ingan/ GaN, thermal harvesting, micro-LED display
INTRODUCTION
Semiconductor optoelectronic materials and devices develop very fast recent decades [1–6]. InGaN/GaN based materials is one of the most promising materials for optoelectronic applications. As one of the most important devices, GaN-based light-emitting diodes (LEDs) are recognized as next-generation lighting sources and have become increasingly prevalent in the lighting, display, and optical communication industries owing to great advantages of high emission efficiency, long lifetime, robust reliability, multi-color properties, and low cost [7–10]. However, high self-heating and low heat dissipation are the critical issues needed to be addressed during the operation of LEDs. Therefore, extensive research and development efforts have been devoted to reducing the thermal heat generated in the InGaN/GaN-based LEDs to reduce the thermal droop, which rapidly drops the device efficiency under a high input electrical power especially in the high voltage regime[image: image] [11–18]. Over the past couple of decades, plenty of architectures and solutions have been proposed to address the scientific and technological challenges introduced by the thermal heat, including adding the heat sink, increasing the heat dissipation area, changing n-electrode length, and exploiting the thermoelectric generator [19–23]. However, all these methods seem to be failed when it comes to the devices with small dimensions and thin films, which have no sufficient space for installing external heat dissipation architectures, for example, Ribbon Filament LED Lamp where LEDs are lined up in a filament. More importantly, the rapidly growing development of the mini- and micro-LEDs has become a driving force to study the thermal management and exploring the possible thermal harvesting [24–31]. Nevertheless, the thermal heat is always regarded as undesirable in most of the previous designs and approaches, rather than considering the solutions from the perspective of heat energy recycling and thermoelectric energy transition, which can in turn boost the efficiency of the device and promote the energy saving. The Energy recycling is a thermoelectric pumping process of carriers under the coupling effect of electrical work and lattice heat (phonon field), and the recent advancements in Energy recycling for semiconductors under low bias voltage condition, especially in GaAs materials, is provoking an increasing interest in GaN-based LEDs [32–37]. Despite intense research on a relatively comprehensive understanding of the principle of Energy recycling in GaN-based LEDs, the utilization of Energy recycling is rare in practice [38–41].
In this work, we propose a new approach on the device level to address thermal heat issues by connecting LEDs for thermal transmission and applying varied voltages to different LED devices. The proposed method is observed to achieve thermal harvesting in InGaN/GaN LEDs with improved optical output power, enhanced energy efficiency, and alleviated thermal droop. Device temperature measurement and numerical calculation of Energy recycling further support the superior edge of the proposed design. The findings in this work reveal the cooling potential of LEDs and can provide guidelines on thermal management in designing the high-efficient LED arrays, especially for the mini- and micro-LEDs applications, and support the possibility of removing the heat sink.
MATERIALS AND METHODS
The blue InGaN/GaN MQW LED wafers used in this work were grown on (0001) c-plane pattern sapphire substrates using an AIXTRON close-coupled showerhead metal-organic chemical-vapor deposition (MOCVD) system. Initially, the epitaxial growth was grown on a 30-nm thick low-temperature GaN nucleation layer followed by a 4 µm unintentionally doped n-type GaN (u-GaN) layer. Then a 2 µm thick Si-doped n-GaN layer was grown with the Si doping concentration of 5 × 1018 cm−3. Subsequently, six pairs of InGaN/GaN MQWs were grown with a 3 nm thick quantum well (QW) and a 9 nm thick quantum barrier (QB). The indium composition of the InGaN layer was 18% and the emission peak wavelength of the grown samples was centered at ∼ 460 nm. After the MQWs, a 20 nm Al0.15Ga0.85N electron blocking layer (EBL) was grown, followed by a 150 nm thick Mg-doped p-GaN layer with the Mg doping concentration of 1 × 1018 cm−3. Finally, the in-situ 720°C thermal annealing treatment in N2 ambient was carried out to activate the Mg dopants. After epitaxial growth was completed, the LED wafers were fabricated into vertical structured LED chips with a dimension of 1 mm × 1 mm by standard fabrication and packing processes. To facilitate the experimental measurement of these LED devices within the varied temperature range, the InGaN/GaN LEDs used in this work are bare dies without encapsulation or packaging, which leads to slightly lower wall-plug efficiency values than commercial LED devices or ones with optimized light extraction architectures [35].
The optical output power of these LED devices used in this work was measured by Si-photodiode connected to the Thorlabs Dual Channel Optical Power and Energy Meter. And the surface temperature of these LED devices was measured by the TELOPS High-Speed IR Cameras, and meanwhile thermal couples were connected to these LED devices to double confirm the accuracy of the experimentally measured data. In order to reduce the devices’ thermal dissipation into the ambient, all the experimental measurements were carried out in a high vacuum ambient, which was achieved by allocating the LEDs into a chamber and then pumping down the chamber to a high vacuum with a vacuum pressure of 4.05 × 10–7 mBar. During all the measurements, all the data were collected after the LEDs had reached thermal equilibrium.
In order to precisely reveal the mechanism that how the temperature influences the LED performance, numerical calculations were conducted by the 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 × 1042 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 [42–44].
RESULTS AND DISCUSSION
In the research community of InGaN/GaN-based LEDs, operating at elevated temperatures is considered always undesirable, as this causes thermal droop and therefore degrades the device efficiency. Due to this reason, various structures and external cooling designs have been deployed in III-nitride LEDs including modifying device architectures and providing external cooling designs to alleviate the thermal droop by reducing operating temperature. However, in contrast to the common knowledge and practice of operating GaN-based LEDs, the increased device temperature may not necessarily lead to the degradation of efficiency. According to the well-known ABC model [45], internal quantum efficiency (IQE) can be expressed as follows at a low current injection level:
[image: image]
where n is the carrier concentration, A is the Shockley-Read-Hall (SRH) nonradiative recombination rate, B is the radiative recombination rate, and C is the Auger nonradiative recombination rate. The SRH nonradiative recombination and Auger recombination has been reported to be increased with elevated temperature [46–48], however, the carrier concentration is significantly increased with the temperature, as shown in the equations below, which may improve the IQE in one certain voltage region [37, 49], especially in the low voltage region.
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where ni is the intrinsic concentration, q is the elementary charge, V is the applied voltage, k is the Boltzmann constant, T is the temperature, Nc is the effective density of states at conduction band edge, Nv is the effective density of states at valence band edge, me* is the effective electron mass, mh* is the effective hole mass, me is the free electron mass, and Eg is the energy bandgap of the material. From the above Eqs 1–3, it can be understood that for a low voltage when the device temperature is increased, the carrier concentration is considerably increased, which leads to the improved radiative recombination and possibly causes the enhanced IQE even though the nonradiative recombination is simultaneously increased. In that case, the elevated temperature effect becomes beneficial.
More importantly, when it turns to the voltage region (qV < ℏω), the Peltier effect is changed from Peltier heat to Peltier cooling. The total heating power Qtotal (per unit area) generated in the LED device consisting of Peltier heat QPeltier (phonon emission or absorption), nonradiative recombination heat Qnonradiative, and Joule heat QJoule can be expressed as below:
[image: image]
where J is the injection current density, V is the applied voltage, and [image: image] is the wall-plug efficiency of the LED device. Then an approximate magnitude of the Peltier heat can be obtained as [35]:
[image: image]
where I is the injection current and Rs is the total series resistance of the LED device. As inferred from the above Eq. 5, the Peltier heat is changed to Peltier cooling when the applied voltage is lower than the photon voltage (ℏω/q). As InGaN/GaN LEDs are typically driven under high bias (qV > ℏω), the possible positive effect of the increased temperature is never taken into consideration in the LED designs, even less to utilize in the operation. Our hypothesis is that, when the operating voltage of InGaN/GaN LEDs falls into the bias region of V < ℏω/q, the elevated temperature should become beneficial and enhance the device efficiency due to the enhanced carrier concentrations. Normally, there are more than one LED device embedded in the common lighting lamps and they suffer from severe thermal droop due to the considerable thermal heat generated when the applied voltages are higher than ℏω/q. If the positive effect of the temperature can be utilized in the LED lamps or arrays, it will alleviate the thermal droop and boost energy efficiency.
Therefore, in this work, we propose a creative and simple approach to take advantage of the positive effect of temperature and achieve thermal harvesting by applying the varied voltages to different LED devices embedded in the LED arrays, which is in contrast to the common operation. In our design, these LED devices are biased at different voltages and the high voltage-biased LEDs are operated at the working voltage regime V > ℏω/q normally falling into the efficiency-droop, high-voltage region, in which the LEDs suffer from severe thermal droop and elevated temperature is undesirable. Thus, a large amount of thermal heat is generated in these LED devices while less heat is generated for the low voltage-biased ones whose voltages are within the high-efficiency, mid-voltage region (V < ℏω/q), in which Energy recycling occurs. All these LED devices are close to each other in physical distance, thus the thermal heat transition among these devices occurs if there is a temperature gradient among them. The superior edge of this proposed configuration lies in two aspects. Firstly, the thermal heat flow among these devices enables heating the low-biased LEDs so that the device temperature is elevated, and the device efficiency is improved owing to the enhanced Energy recycling and the increased carrier concentrations. Secondly, because much thermal heat is transferred out from the LEDs under high biased voltage, the alleviated thermal droop is obtained, which boosts the efficiency and improves the device lifetime. Thus, the total energy efficiency of the whole LED system is increased. Even more importantly, the thermal heat generated is recycled and utilized and the total device temperature is tuned, which allows more energy-saving and efficient operation.
In order to demonstrate the proposed configuration and investigate its performance and advantages, we simplify the proposed configuration into a two-combined-LEDs design (named Group A Combined-LEDs setup), in which two behavior-similar LEDs are attached to each other in the way of back-to-back for highly efficient thermal transmission as illustrated in Figure 1A. In this simplified design, two LEDs are directly attached to each other in order to minimize the heat loss during the transition and maximize the amount of thermal heat that the LED under low voltage can receive. In this way, the beneficial effect of thermal heat can be maximized. This simplified configuration can be regarded as the research prototype and basic component for the LED arrays and the findings in the simplified model can be multiplied and applied to the whole LED arrays. A control group (called Group B Separated-LEDs setup) is also introduced as shown in Figure 1A by separating two LEDs far away from each other to eliminate the heat flow or any interference between them.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the experimental measurements for proposed LEDs configuration (Group A) and the control group (Group B); (B) Experimental measured I-V curve and WPE versus applied voltages for two behavior-similar LEDs.
Figure 1B shows the experimental measured I-V curve and wall-plug efficiency (WPE) curve for two behavior-similar LEDs. It can be clearly seen from Figure 1B that both the electrical and optical behaviors of two LEDs used in the experiments are similar when the applied voltage is increased from 2.40 to 3.00 V. Due to the high similarity between these two LEDs, it is reasonable to believe that the influence of such minor variation in the performance of these two LEDs on the experimental results is limited. In order to investigate the overall performance of the proposed design and demonstrate its advantages, the experimental measurements are conducted in the way that the applied voltage for one of the LEDs (called LED-1) is changing (increased from 2.40 to 3.00 V), while the voltage of the other one (LED-2) is fixed at several values (2.40, 2.60, 2.80, and 3.00 V). The experimental measurements are carried out in a high vacuum chamber to reduce the heat dissipation into the ambient. Here, these two LEDs are regarded as one system, hence the coupled energy efficiency (CEE) of these two LEDs is calculated by:
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Figures 2A–D show the experimental measured CEE of the system versus the applied voltage of LED-1, while LED-2 under a fixed voltage of 2.40, 2.60, 2.80, and 3.00 V for the Combined-LEDs and Separated-LEDs setups. When LED-2 is fixed at 2.4 V, as shown in Figure 2A, the proposed approach Group A Combined-LEDs has a higher CEE than the control group Group B separated LEDs at all voltages of LED-1. Such improvement is attributed to two aspects. On one hand, for LED-2 whose voltage is fixed at 2.40 V, Group A in the proposed configuration allows the thermal heat transition so that the thermal heat generated in the whole system can be easily absorbed by LED-2 before dissipating into the ambient and transfer the energy to the carriers through the Energy recycling. Thus, improve the efficiency of LED-2. On the other hand, for LED-1 whose voltage is increased from 2.40 to 3.00 V, when the voltage is lower than photon voltage (2.69 V in our case) the elevated temperature and enhanced Energy recycling because of a smaller heat dissipation area contribute to the improved efficiency. When the voltage is increased to a value higher than photon voltage, the effect of elevated temperature turns to negative for LED-1. However, in our designed LED group A, the LED-2 acts as the heat sink by absorbing part of the thermal heat generated by LED-1, which significantly reduces the device temperature of LED-1, thus leading to alleviated thermal droop and improved efficiency for LED-1. While it is worth noting that at the voltage of 2.40 V, Group A has a higher CEE than Group B. This is because the back-to-back bonded LEDs Group A has a smaller heat dissipation area than that of Group B. Based on our calculation, the heat dissipation area of group A is 3.76 mm2 and the heat dissipation area of group B is 5.76 mm2 for two LEDs. Hence, Group A holds more heat, which contributes to improved efficiency enhanced by Energy recycling and higher current density improved by the heat. The trend in Figure 2B is almost the same as that in Figure 2A, except for one small voltage region around 2.60 V, which will be analyzed in the following discussion. The proposed setup also outperforms the control group when the voltage of LED-1 is in the low voltage region even though the voltage of LED-2 is increased to 2.80 and 3.00 V, as shown in Figures 2C,D . However, when the voltage variation between LED-1 and LED-2 gets smaller even negative, the lower heat dissipation capability of the Combined-LEDs setup with back-to-back configuration causes more severe thermal droop than the Separated-LEDs setup, thus degrading the efficiency, as shown in the high voltage regions of Figures 2C,D. It is noteworthy that when the variation of these two LEDs becomes larger, the LED with lower voltage plays the role of heat sink even though the voltages of both two LEDs are higher than photon voltage, for example, VLED-1 = 2.80 V, VLED-2 = 3.00 V, and VLED-1 = 3.00 V, VLED-2 = 2.80 V. Further analysis of the experimental measured CEE curves versus the total electrical input of two LEDs for two setups presented in Figures 2E,F,G,H also show the same trend. The improvement in the CEE of the presently studied configuration becomes relatively more pronounced when the applied voltage of LED-2 increased to 3.00 V.
[image: Figure 2]FIGURE 2 | Experimental measured CEE for two LED groups versus applied voltage of LED-1, while LED-2 under a fixed voltage of (A) 2.40, (B) 2.60, (C) 2.80, and (D) 3.00 V; CEE versus total electrical power for two LED groups, while LED-2 under a fixed voltage of (E) 2.40, (F) 2.60, (G) 2.80, and (H) 3.00 V. Here, V-C is Group A combined LED setup and V-S is Group B Separated-LEDs setup.
Further analysis of the optical output power shown in Figure 3 gives a peak power improvement of 19.95 mWatt (15.65% in terms of percentage) for the proposed configuration Group A studied here compared to the control group. The results in Figure 3 suggest that under the same electrical input the proposed configuration with varied voltages has higher optical output power than the control group when the electrical input is smaller than 1.02 Watt. This improvement originates mainly from the beneficial effect of the increased temperature of the low-biased LED, as well as the alleviated thermal droop in the high-biased LED. Such improvement in the performance of the Combined-LEDs setup becomes relatively more pronounced under low electrical input. It is worth mentioning that the starting point of group A is smaller than that of group B, as indicated in Figure 3. The difference in the starting point of the electrical input between these two groups is due to the difference of the current for the whole system caused by the varied temperature. As LED-2 is under a voltage of 3.00 V for both groups and group A is two LEDs combined together for good heat transmission, LED-2 in group A has lower temperature and smaller current than that of group B, and LED-1 in group A has higher temperature and larger current than that of group B. We further calculate the current of LED-2 for two groups. The current of LED-2 for group A is 180 mA and that for group B is 230 mA. As the electrical input of LED-2 dominates the electrical input for two groups at the start point, the starting point of group A is smaller than that of group B.
[image: Figure 3]FIGURE 3 | The total optical output power versus total electrical input for two setups and corresponding power improvement for group A compared to group B. Here, LED-2 is under a voltage of 3.00 V for both groups. V-C is Group A combined LED setup and V-S is Group B Separated-LEDs setup.
Figure 4A presents the device surface temperature of LEDs versus applied voltage of LED-1 for two setups with VLED-2 = 3.00 V, from which we can see that the device temperature of LED-2 in the proposed model is reduced compared to that in the control group at most of the voltages with a maximum reduction of 40 K at the voltage of 2.40 V. Such reduction becomes smaller with the increasing voltage and eventually changes to negative when the applied bias is higher than 2.85 V. In contrast to LED-2, the temperature of LED-1 in Group A is increased at all the voltages and the increase becomes smaller with the increasing applied biased voltage. It is worth noting that the temperature of Group A is a little higher than that of the control group (the average of the temperatures of LED-1 and LED-2) and the variation between them becomes more considerable with the increase of the applied bias. Such variation is caused by the difference in heat dissipation capability between two groups during the experimental measurement, which cannot be neglected when the input electrical power is high even though the measurement is carried out in the high vacuum chamber to reduce the thermal heat dissipation to the ambient.
[image: Figure 4]FIGURE 4 | (A). The device temperature of LEDs versus applied voltage for Combined-LEDs and Separated-LEDs setups with the voltage of LED-2 fixed at 3.00 V. Numerical results of the (B) electron concentration, (C) hole concentration, and (D) radiative recombination rate in the InGaN/GaN LEDs with the device temperature of 300 and 355 K under the voltage of 2.6 V.
To further support the claim that the elevated temperature caused by the heat absorption contributes to a higher average kinetic energy of the carrier and higher carrier concentration in the quantum wells, numerical calculation of the electron and hole concentrations, and the radiative recombination rate in the LEDs is conducted. Figures 4B,C show the calculated electron and hole concentrations of the InGaN/GaN LEDs at temperatures of 300 K and 355 K under the voltage of 2.6 V, from which it can be seen that the electron and hole concentrations increase at a higher temperature, suggesting that the total energy absorbed by the carriers from the phonon field is increased when the carriers climb up the potential barriers. The carriers overcome the potential barrier under the force of the electrical field, while for those without sufficient energy, the remaining energy is drawn from the phonon field to overcome the potential barriers. From Figure 4D, we can also observe that the radiative recombination rate is enhanced as the electron and hole concentrations increased due to higher temperature. Therefore, the elevated temperature leads to an increased carrier concentration, thus the improved efficiency is obtained in the voltage region of V ≲ ℏω/q. The improved performance in the proposed configuration is mainly caused by the elevated temperature that leads to increased carrier concentration, and minor reduced energy bandgap under the small and moderate electrical input [50, 51]. However, when the applied voltage is increased to further higher, e.g., 3.00 V in our experiments where the LED suffers from serious thermal droop, the contribution of the elevated temperature effect turns negative. Thus the proposed setup shows inferior performance due to its smaller thermal dissipation area compared to the control group, as indicated in Figure 3.
In order to further support the advantages of applying varied biases in the proposed approach, the measurements are modified to bias two LEDs at the same voltage simultaneously. Figure 5 shows the measured CEE as a function of applied voltage and input electrical power, from which an enhanced CEE in the Combined-LEDs setup compared to the Separated-LEDs setup is observed when the applied voltage is smaller than 2.50 V and the corresponding electrical power of 12.77 mWatt is much lower than 19.95 mWatt shown in Figure 3. Furthermore, the maximum improvement in the CEE is also much lower than that observed in Figure 3, which further supports the superior edge of applying varied biases in the studied setup.
[image: Figure 5]FIGURE 5 | (A) Experimental CEE and corresponding efficiency improvement for modified Combined-LEDs and Separated-LEDs setups versus applied voltage and (B) electrical input power.
In order to further investigate the underlying mechanism of the enhanced performance in the proposed approach, the wall-plug efficiency and device temperature of LED-1 are also identified for the Combined-LEDs setup and Separated-LEDs setup, as shown in Figure 6. It can be clearly seen from Figure 6B that the device temperature of LED-1 in the case of VLED-2 = 3.00 V is always higher than that in the control group. Due to such increase, as shown in Figure 6A, the LED-1 is observed to have a pronounced enhancement in efficiency with a maximum improvement of 5.93% (27.91% in terms of percentage) in the proposed setup when the voltage is lower than 2.70 V. It can be clearly seen that the influence of temperature on efficiency varies in different operating regions separately by one inflection points: High-efficiency, Mid-voltage Region (2.15 V < V < 2.70 V); and Efficiency-droop, High-voltage Region (V ≥ 2.70 V). While the efficiency becomes worsen than that in the control group when the applied voltage of LED-1 is further increased to higher than 2.70 V (efficiency-droop, high-voltage region). The analysis of the device temperature and measured WPE for LED-1 in the Combined-LEDs setup and control group suggest that the increased temperature has a beneficial effect on device efficiency when the operating voltage falls in the high-efficiency, mid-voltage region due to the increased spontaneous radiative as well as the enhanced Energy recycling which allows the carriers to absorb the remaining energy from thermal heat as shown in Figure 4B . However, the effect of elevated temperature becomes negative when the applied voltage is increased to the efficiency-droop, high-voltage region, where the increased temperature leads to the more serious carrier overflow, reduced hole injection efficiency, and Auger recombination [52].
[image: Figure 6]FIGURE 6 | (A) The WPE and (B) device temperature of LED-1 as a function of applied voltage for the Separated-LEDs and Combined-LEDs setups under VLED-2 = 2.40, 2.60, 2.80, and 3.00 V.
As indicated in Figure 6A the voltage corresponding to the peak efficiency for LED-1 is around 2.60 V and is slightly shifted with the increasing temperature. However, the corresponding current density at which the efficiency reaches the maximum remains constant. According to Eq. 1, the peak efficiency of IQE is achieved when [45, 53]:
[image: image]
Hence, the carrier concentration corresponding to the maximum efficiency is obtained at [image: image]. The relationship between the current density and carrier concentration is shown below:
[image: image]
where J0 is the current density at n0, and e is the elementary electronic charge while v is the carrier drift velocity. Therefore, the peak-efficiency current density is almost constant with the increased temperature. Since the elevated temperature leads to the increased current, the peak-efficiency current density can be achieved under lower voltage. For both LED-1 and LED-2 without combined configuration, the peak-efficiency current is around 13.86 mA, corresponding to the voltage of 2.60 V. Thus, the elevated temperature in the proposed setup will drive the efficiency away from the peak efficiency when the voltages of the two LEDs are close to 2.60 V, as shown in the Figure 2B.
Even though the LEDs are always driven by constant current and have additional cooling architectures, the thermal issues remain a great challenge for GaN-based LEDs, and achieving thermal dissipation through external architecture needs more space thus increasing the design difficulty of the system. Furthermore, using a larger size LED device is a common approach to increase the total optical output power with the heating issues remaining. Thus, the method proposed in this work provides an alternative way to achieve the desired total output power simultaneously recycling the thermal heat and achieving thermal harvesting. More importantly, the proposed approach is more promising to address thermal issues in some specific situations, for example, Ribbon Filament LED, which has no additional space to add the external cooling architectures because all the LEDs are allocated along the filament.
CONCLUSION
To conclude, in this work, we propose and demonstrate a new design to address the challenge in thermal heat issues, as supported by experiments, by recycling the thermal heat. The elevated temperature is found to be beneficial due to enhanced carrier concentrations and Energy recycling when the applied voltage is lower than the photon voltage. We present experimental results emphasizing the superior edge of the proposed configuration, in which with the varied biases applied to two LEDs, the thermal heat is exchanged and absorbed by the carriers thus the improved efficiency of the whole system through Energy recycling and thermal harvesting is achieved. Furthermore, owing to heat transmission the high-biased LED succeeds in reducing the device temperature and alleviating the thermal droop. Such a superior edge of the studied approach may become pronounced when exploited to the ribbon LED lamp, in which the space for designing and allocating the chips is limited and the LEDs arrangement is critical in the point of thermal management. Due to the advantages of the proposed setup, this method can act as an extremely useful intermediate research prototype to design the high-efficient LED arrays and achieve better energy recycling and thermal control, especially for mini- and micro-LEDs. Lastly, these findings in this work further support the possibility to remove the heat sink.
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Electro-fluidic display (EFD) is a new reflective display based on electrowetting phenomenon which is applied to the outdoor billboard. Organic dyes are the most important materials for the color gamut and reliability of the EFD devices, which are always synthesized based on mono-chromophore dye in previous work. In this paper, we report our research on azopyrazolone as the chromophore to construct a polychromic macromolecular dye system. The light stability and photo-electric properties of these new dyes are researched detailed. It is found that the light stability of multi-chromophore dyes and backflow properties are much better than corresponding mono-chromophore dye.
Keywords: colored oil, photo-stability, azo pyrazolone dyes, electro-fluidic display, multi-chromosome dyes
INTRODUCTION
Recently, electro-fluidic display as an emerging display technology has received widespread attention [1–4]. It has many advantages such as fast response time and full-color compared to electrophoretic display [5–7]. In electro-fluidic devices, transparent polar liquids play the role of changing wettability on solid surfaces to realize various applications. The contact angle of polar liquid on solid surface is determined by Young’s equation as shown in Eq. 1.
[image: image]
where [image: image] is the initial contact angle of liquid on solid, [image: image] is surface tension of solid-gas, [image: image] is surface tension of solid-liquid, while [image: image] is surface tension of liquid-gas. [image: image] is a constant, which only depends on the physical properties of liquid and solid.
When a voltage is applied across the polar liquid and solid, the contact angle of polar liquid on solid surface will be changed, and it obeys Young-Lippmann equation, as shown in Eq. 2.
[image: image]
where [image: image] is contact angle with a voltage applied, [image: image] is dielectric constant in vacuum, [image: image] is the effective dielectric constant of dielectric layer, [image: image] is electromotive force applied between solid surface and polar liquid, [image: image] is the thickness of dielectric layer.
Colored oil, another critical material in electrowetting display, is not miscible with polar liquids. The movement of polar liquid promotes the contraction and spread of ink to achieve the display purpose. An unbalance force [image: image] can be formed in the polar liquid with a voltage applied, and the phenomenon is that the liquid has an advancing angle and a receding angle. The unbalance force [image: image] is the initial force that drives the movement of polar liquid, and its magnitude of force follows Eq. 3.
[image: image]
Colored oils are so important in electrowetting display that lots of special dyes have been disclosed in previous research, such as the designation of anthraquinone dyes [8, 9], azo dyes [10–14], dipyrrole methane metal dyes [15], and pigment dispersion [16, 17]. However, all the dyes are mono-chromophore structure, which cannot avoid the backflow caused by dye’s polarization.
The tendency of oil to flow back into pixel at a constant voltage is called “backflow”. The reduction of oil contraction affects the pixel aperture for “backflow” oil, which has an impact on the power consumption of the display. Since a static reading mode is operated for an EFD display, low “backflow” oil will lead to the decrease of refresh rate for display. Thus, the power consumption can be reduced because of its scaling with the refresh rate. Studies have shown that the addition of polar dye molecules has a negative effect on ink reflow [18, 19]. Due to their polarities, the dye molecules are oriented under an external electric field, and the affinity between the oil and the hydrophobic layer increases. Polarized dye molecules also tend to cause external charges and penetrate at the three-phase contact line of the ink-water-insulation layer, which eventually caused the electrostatic force F.
Moreover, a large number of experiments have shown that the light stability of dye molecules is depended on their molecular structure. The greater aggregation is, the better the light stability of dyes have. When the same amount of dye molecular exposed to air, moisture and sunlight, the smaller surface area of the molecule is, the lower probability of dye molecule being oxidized by light. Conversely, when the dye is dissolved in a mono-disperse state, the surface area of the molecule is much higher than aggregation state, thus the chance of photo-oxidation or photo-reduction reaction is great. G. Baxter research shows that when the dye molecules are present in a highly disperse state, the photo-fading reaction is an apparent first-order reaction, while the photo-fading reaction of the dye molecules in the aggregation state is an apparent 0-order reaction [20]. It was also found that water-insoluble dyes have stronger internal molecular forces in the aggregation state, which makes it easier to transfer energy, and connect dye molecules through bridges to increase the degree of dye aggregation and reduce the overall molecular weight.
In this paper, azopyrazolone dye is used as the chromophoric matrix to construct a multi-chromophore macromolecular dye system, using binding effect of the bridge group in space to reduce the dipole moment of the entire molecule, thereby reducing the backflow effect of oils under external electric field. The polychromatic azopyrazolone-type molecules have an increased degree of chromophore aggregation, which may strengthen the chromophore’s bridge-based molecular skeleton energy transfer channel, induction effect, and covalent bond action. Therefore, the design of this type of dye has high solubility, absorption coefficient and light stability.
EXPERIMENTAL
Materials
Chemicals are purchased analytically pure and used without further purification. Indium Tin Oxide, SU-8 3,005 photoresist, AF Teflon® 1,600X were purchased and used in industrial grade.
Electro-Fluidic Display Oil Formulation and Device Fabrication
Dyes and solvents were calculated and weighted in a cell, dissolved, and filtrated with a 0.2 μm filtrator. The filtration was collected as EFD oil and used to formulate EFD device followed by our previous process [21].
Dye Synthesis and Characterization
The structures of three designed dyes were shown in Figure 1. D-1: 1.27 g (121 g/mol, 0.01 mol) 4-aminophenylethane was dissolved in 20 ml water in a three-necked flask with agitation, and the solution was heated to 80°C until it dissolved completely. Then, hydrochloric acid (4.2 ml, 12 mol/L) was added dropwisely and the solution was quickly cooled down to 0–5°C. Then 1.04 g of sodium nitrite (1.5 times, 69 g/mol) was added at one time, the solution was continuously stirred for 2 h. The temperature of the reaction system was kept at 0–5°C. The Ehrlich reagent was used to detect the end of the diazotization reaction. After that, a certain amount of urea is added to remove unreacted sodium nitrite. 4.56 g (294 g/mol, 0.02 mol) of 3- (1-ethylpentyl) -1- (1-ethylhexyl) -2-pyrazolin-5-ol and sodium carbonate were solute in ethanol. The diazo salt solution prepared above was added into the solution dropwisely in 2 h. After that, the solution was poured into 100 ml water, and 30 ml ethyl acetate and petroleum ether solution (1:10, v/v) was used to extract the yellow dye. The organic layer was collected and evaporated to get 3.51 g crude product D-1. The crude D-1 was purified by flash chromatography on silica gel (eluting agent: petroleum ether and ethyl acetate). Characterization: D-1; yield: 82.9%; λ (max) = 420 nm (in decane); ε = 11,730 L mol−1·cm−1. IR (KBr, cm−1): 3,071.2(Ar-H); 2,963.1(-CH3), 2,928.1(-CH2-), 2,857.2(-CH3); 1,642.2(-C=O); 1,581.8(Ar); 1,551.2(Ar-H), 1,524.8(Ar),1,459.9(-CH-),1,378.2(-CH3), 1,254.1(C-N-C); 1H NMR (400 MHz, CDCl3): 13.796(s, 1H), 8.442(s, 1H), 7.639(m, 6H), 7.610(m, 2H), 7.232(m, 2H), 7.256(m, 2H), 4.580(m, 2H), 3.739(m, 2H), 2.698–2.559(m, 1H), 1.550–1.521(m, 4H), 1.289–1.233(m,12H), 0.899–0.7599(m,12H); 13C NMR (400 MHz, CDCl3): 182.11, 146.560, 134.570, 131.840, 126.030, 123.660, 109.670, 45.990, 39.470, 31.280, 29.040, 24.530, 23.030, 14.120, 10.990; MS (MALDI-TOF) (DIF) M/Z (%): 427.3.
[image: Figure 1]FIGURE 1 | Molecular structures of the Intermediate and three synthesized dyes.
Intermediate: 1.27 g (137 g/mol, 0.01 mol) 4-aminophenethyl alcohol was dissolved in 20 ml water in a three-necked flask with agitation, and the solution was heated to 80°C until it dissolved completely. Then, hydrochloric acid (4.2 ml, 12 mol/L) was added dropwisely and the solution was quickly cooled down to 0–5°C. 1.04 g (0.015 mol, 69 g/mol) of sodium nitrite was added at one time, the reaction was last for 2 h. The temperature of the reaction system was kept at 0–5°C. The Ehrlich reagent was used to detect the end of the diazotization reaction. A certain amount of urea is added to remove unreacted sodium nitrite. 4.56 g (294 g/mol, 0.02 mol) of 3- (1-ethylpentyl) -1- (1-ethylhexyl) -2-pyrazolin-5-ol and sodium carbonate were solute in ethanol. The diazo salt prepared above was added into the solution dropwisely in 2 h. After that, the solution was poured into 100 ml water, and 30 ml ethyl acetate and petroleum ether solution (1:10, v/v) was used to extract the yellow dye. The organic layer was collected and evaporated to get 3.60 g crude product. The crude Intermediate was purified by flash chromatography on silica gel (eluting agent: petroleum ether and ethyl acetate); yield: 81.9%; λ (max) = 420 nm (in decane); IR (KBr, cm−1): 3,061.3 (Ar-H), 2,951.3(-CH3), 2,921.1(-CH2−), 2,880.1(-CH3); 1,642.9(-C=O), 1,582.8(Ar); 1,555.2(Ar-H), 1,521.2(Ar); 1,458.9 (-CH-); 1,379.1(-CH3); 1,257.3 (C-N-C); 817.8. 1H NMR (400 MHz, CDCl3): 13.781(s, 1H), 8.421(s, 1H), 7.76(m, 6H), 7.622(m, 2H), 7.262(m, 2H), 7.267(m, 2H), 4.555(m, 2H), 3.555(m, 2H), 2.670–2.551(m, 1H), 1.548–1.526(m, 4H), 1.283–1.245(m, 12H), 0.891–0.761(m, 12H); 13C NMR (400 MHz, CDCl3): 190.090, 144.460, 134.480, 132.440, 127.480, 124.640, 110.140, 44.490, 38.470, 32.480, 29.920, 24.620, 22.520, 15.230, 11.890; MS (MALDI-TOF) (DIF)M/Z (%): 443.3.
D-2: 0.58 g Intermediate was dissolved in 20 ml n-decane, then 0.1 g (0.30 mmol, 234 g/mol) 1,4-phthaloyl chloride and 4.2 ml (91 g/mol, 0.2 mol) triethylamine was added dropwisely into the reaction solution. The temperature was raised to 50°C. TLC was used to monitor the termination of reaction. After the reaction was completed, the solution was cooled down, and poured into 100 ml water. 50 ml petroleum ether was used to extract the product three times, and the oil layers were collected and rotary evaporated. Then the crude product D-2 was column purified with 1: 120 of n-hexane and petroleum ether mixture as eluent. Compound D-2 was obtained as yellow dye with yield of 82.0%. λ (max) = 420 nm (in decane); ε = 16,119 L mol−1 cm−1. IR (KBr, cm−1): 3,061.2(Ar-H), 2,962.5(-CH3), 2,921.5(-CH2−), 2,859.5(-CH3), 1,645.3(-C=O), 1,581.3(Ar), 1,555.1(Ar), 1,521.2(Ar), 1,458.9(-CH-), 1,378.2(-CH3), 1,257.8(C-N-C); 1H NMR (400 MHz, CDCl3): 12.998 (s, 2H)8.420(s, 2H), 7.389(m, 3H), 7.253 (m, 2H), 4.590(m, 2H), 3.541(m, 2H), 2.669–2.551(m, 2H), 1.536–1.518(m, 4H), 1.287–1.253(m, 24H), 0.901–0.753(m, 24H). 13C NMR (400 MHz, CDCl3): 181.110, 145.560, 139.130, 134.370, 131.240, 126.230, 123.260, 114.220, 109.620, 45.920, 39.420, 31.220, 29.030, 24.230, 23.230, 14.130, 10.890; MS (MALDI-TOF) (DIF)M/Z (%): 1,015.8.
D-3: 0.58 g Intermediate was dissolved in n-decane, 0.1 g (0.30 mmol, 234 g/mol) 1,3,5-trisyl chloride and 4.2 ml (91 g/mol, 0.2 mol) triethylamine was added dropwisely in the reaction solution. The temperature was raised to 50°C. TLC was used to monitor the termination of reaction. After the reaction was completed, the solution was cooled down, and poured into 100 ml water. 50 ml petroleum ether was used to extract the product three times, and the oil layers were collected and rotary evaporated. Then the crude product D-3 was column purified with 1: 120 of n-hexane and petroleum ether mixture as eluent. D-3 was obtained as yellow dye with yield of 85.0%. λ (max) = 420 nm (in decane); ε = 49,710 L mol−1 cm−1. IR (KBr, cm−1): 3,062.7(Ar-H), 2,962.7(-CH3), 2,922.4(-CH2-), 2,882.3(-CH3), 1,642.7(-C=O), 1,582.7(Ar); 1,552.1(Ar); 1,523.9(Ar); 1,453.8(-CH-); 1,379.2(-CH3); 1,257.2(C-N-C); 816.7. 1H NMR (400 MHz, CDCl3): 13.555 (s, 3H)8.834(s,3H), 7.349–7.332(m, 12H), 4.581–4.573(m, 6H), 3.715–3.684(m, 3H), 3.143–3.137(m, 6H), 2.608–2.577(m, 3H), 1.70(m, 6H), 1.541–1.519(m, 12H), 1.519(m, 6H), 1.371–1.248(m, 33H), 0.891–0.879(m, 27H). 13C NMR (400 MHz, CDCl3): 181.110, 146.460, 133.570, 132.840, 125.030, 123.560, 114.590, 109.570, 45.590, 39.450, 31.250, 29.050, 24.550, 23.050, 14.150, 10.590; MS (MALDI-TOF) (DIF)M/Z (%): 1,483.5.
RESULTS AND DISCUSSION
The 1H NMR spectra for the target molecules recorded in CDCl3 are shown in Figure 2. The structures of dyes were confirmed by the presence of four distinct downfield signals characteristic of the aromatic rings. For D-1 and Intermediate, the structure of pyrazoline ring was confirmed by the presence of four distinct downfield signals (“Ha”, “Hb”). The “Ha” and “Hb” protons of D-1 and Intermediate exhibited two doublets between 7.27 ppm and 7.58 ppm. For the substituents in the N-position, these two dyes displayed one common multiple peak “Hc” between 3.50 and 4.00 ppm, corresponding to the methene protons adjacent to the imide group. The “Hd” protons appeared as a singlet between 3.88 and 4.00 ppm. For the other pyrazolone dyes D-2/3, the “Ha” and “Hb” protons of D-2/3 exhibited two doublets between 7.50 ppm and 7.25 ppm. The “Hi”, protons of D-2 exhibited one singlet at 8.23 ppm. The “Hi”, protons of D-3 exhibited one singlet at 8.95 ppm. Two dyes: D-2/3, displayed one common multiple peak “Hc” and “Hd” at 4.60 and 3.78 ppm corresponding to the methene protons adjacent to the imide group and O atom. Moreover, the common multiple peak “Hf” of those four molecules represented the protons on the methyl group, and the “CH” protons existed between 0.78 and 0.92 equivalent to the number of protons which were obtained. The chemical values confirmed the structural correctness of the four molecules.
[image: Figure 2]FIGURE 2 | 1H NMR spectra of three synthesized dyes and Intermediate.
Absorption Properties of Dyes
As can be seen in Figure 3, the uv-visible absorption spectra and data of all the dyes were recorded in decane. It is found that the maximum wavelength numbers (λmax) of three dyes D-1/3 are all at 420 nm, showing a same color of yellow. The maximum wavelengths are independent with the number of chromophoric matrix. The molar extinction coefficients of the three dyes are 11,730, 38,470 and 49,710 L mol−1·cm−1 for D-1, D-2 and D-3, respectively. And we can see from Figure 3B, as the number of chromophore increase, the molar extinction coefficient of the dyes increase.
[image: Figure 3]FIGURE 3 | (A) UV-visible absorption spectrum of three dyes (B) Working curve of three dyes.
Electrowetting Properties
The contact angle of DI water droplet on AF (amorphous fluoropolymers) surface in different ambient oil was characterized by varying the applied voltage between the Pt electrode and the substrate electrode in the range of −40 to 40 V at a ramp speed of 1V/1s to demonstrate the potential of EW-based tensiometry. The initial contact angle of DI-water droplet on the AF surface was at ∼145° in D-1 oil. The contact angle gradually decreased from ∼145° to ∼105° as the applied voltage was changed from 0 to ±40 V. The initial contact angle of DI-water droplet on AF surface was at ∼154° in D-2 oil. The contact angle gradually decreased from ∼154° to ∼113° as the same applied voltage change. The initial contact angle of DI-water droplet on AF surface was at ∼156° in D-3 oil. The contact angle gradually decreased from ∼156° to ∼123°. The data shown in Figure 4 are collected over two cycles, during which the voltage is slowly ramped up and down. The dc results conclusively showed that a strong and reversible electrowetting response can be achieved in the three different kinds of oil.
[image: Figure 4]FIGURE 4 | Contact angle of water in oils on AF layer as a function of DC voltage. (A) D-1; (B): D-2; (C): D-3; Solvent: decane.
Backflow Effect of Oils
Synthesized dyes were designed to analyze the effect of dye molecular structure on electrowetting backflow effect. As D-2 has low solubility in decane, only D-1 and D-3 were tested in devices. According to the experimental data shown in Figure 5, the backflow time of D-1 device is 150 s, and the backflow time of D-3 device is 250 s. Comparing the backflow time of the D-1 and D-3 devices, it can be clearly seen that D-3 device has longer backflow time, which can be attributed to the smaller dipole moment of D-3. As the arrangement direction of three chromophores in D-3 is non-uniformity, thus the dipole moment of whole dye D-3 will be partially or completely cancelled out.
[image: Figure 5]FIGURE 5 | Backflow time of electrowetting display devices formulated by Dyes D-1/3. (A): D-1; (B): D-3.
Photoelectric Response Properties of Dyes
The photoelectric response properties of D-1/3 dyes were demonstrated by measuring the capacitance of the EFD cell under different voltage. The results could be seen in Figure 6. As the voltage raise from 0 to 40 V, we can see that the capacitance of the cell has an abrupt change point at 26 V, showing that the oil begins to break up and shrink at 26 V, which is called the threshold voltage. When the voltage decreased from 40 to 0 V, we can see that the capacitance of the cell decreased gradually as expected, which didn’t suffer an abrupt change. The CA hesterisis and existing of oil film rupture corresponded threshold voltage caused the asymmetry of the C–V curves in ON and OFF process. D-3 has more smoothly curve when the voltage decrease, that’s because D-3 has lower electric susceptibiltiy than D-1, the retracted oil drop is more stable at certain voltage. The photos of EFD device at ON and OFF states were recorded, and the aperture ratios were calculated in photoshop software. The aperture ratio of D-1 and D-3 could reach as high as 68.5 and 75% respectively.
[image: Figure 6]FIGURE 6 | Photoelectric response properties of dyes D-1/3.
Light-Stability Research of Dyes
As researched by G. Baxter and Shufen Zhang, the dye molecules under aggregation state have stronger internal molecular force, which makes it easier to transfer energy, thus the aggregation have much better light stability. The light stability comparison of multi-chromophore dye and corresponding mono-chromophore dye were researched. The test was carried under accelerated xenon lamp for 100 h at 45°C, which can translate to several years of normal conditions [22].
The color coordinates of colored EFD cell formulated by D-1 and D-3 were tested, the results were showed in (x, y) in CIE1931 color space. The color deviation ΔE were calculated from the deviation of l, a, b value. The results could be seen in Figure 7 and Table 1. For D-1, as the irradiation time increased, color coordinates (x, y) of EFD panel were changed. The color coordinate x increased from 0.426 to 0.440, while the color coordinate y increased from 0.416 to 0.432, showing that the color changed from bright yellow to light yellow. The ΔE of D-1 was found to be as high as 2.680 after 100 h of irradiation. For the D-3, the color coordinate x increased from 0.464 to 0.466, while the color coordinate y did not change. The ΔE of D-3 was 1.200, showing a very small color change which can hardly be distinguished by the naked eye after 100 h irradiation. These performances are highly relevant to their structure stability.
[image: Figure 7]FIGURE 7 | Variation of color coordinates (x, y) of oils in CIE1931 color space (Irradiation condition: 0.55 W/m2 (340 nm); Temperature 45°C); (A): D-1; (B): D-3.
TABLE 1 | Color change (ΔE) of two formulated dyes before and after accelerated irradiation.
[image: Table 1]CONCLUSION
In summary, we have constructed a multi-chromophore macromolecular dye system and synthesized three EFD oil materials based on azo pyrazolone dyes. The absorption, electrical-optical response, and light-stability of these dyes were researched in detail. The three-chromophore dye D-3 has higher aggregation and lower polarity than mono-chromophore dye D-1, thus it has low backflow effect and good light-stability. The research showed that low polarity and high degree of dye aggregation can highly increase the light-stability property and decrease the backflow of EFD oil.
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Laser-induced magnetization dynamics in a perpendicularly exchange-coupled TbFeCo/GdFeCo bilayer film are studied by using pump-probe magneto-optical Kerr spectroscopy. An ultrafast modulation effect on local magnetization orientation is observed. Such ultrafast magnetization reorientation in the GdFeCo layer is revealed to be triggered by the femtosecond laser pulse and driven by the effective exchange field. These processes occur within a timescale of hundreds of picoseconds, in which the field- and fluence-dependent dynamical behaviors are demonstrated. In addition, an atomistic Heisenberg model is proposed for studying the laser-induced magnetization dynamics by using micromagnetic simulation. The simulated results agree with the experimental phenomena and further reveal the underlying mechanism. These results show an approach for ultrafast manipulation of the local magnetization orientation in perpendicularly exchange-coupled structures.
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1 INTRODUCTION
Exchange-coupled composites (ECCs) have attracted much interest due to their designable magnetic properties from combining individual material with different properties [1, 2] and also potential applications in magnetic recording [3, 4], magnetic sensors [5, 6] and magnonic devices [7, 8]. In particular, many research works focused on the perpendicular ECCs which have high thermal stability, reduced switching field, and thus excellent applied potential for ultrahigh-density magnetic recording [9–11]. On the other hand, laser-induced magnetization dynamics in magnetic system is also an active field. Introduction of the ultrashort laser pulses can lead to infusive effects, such as further reduce coercivity and remarkably accelerate magnetization reversal for magnetic recording [12–15]. Therefore, studying laser-induced or -modulated ultrafast magnetization dynamics in perpendicular ECCs is demanded for developing related applications.
Amorphous ferrimagnetic rare earth-transition metal (RE-TM) alloy films, such as GdFeCo and TbFeCo, are one kind of the most-concerned materials for ultrafast magnetic applications [16–18]. Typically, GdFeCo and TbFeCo can be used as the free and pinning layers, respectively, in perpendicular ECCs due to their dissimilar spin-orbit coupling and perpendicular magnetic anisotropy (PMA) [2, 19]. RE-TM ECCs have attracted attentions also due to their applied potential in magnetic super resolution (MSR) for magneto-optical readout [20–22], but observation of the related dynamical process has not been reported.
In this paper, we investigate the laser-induced magnetization dynamics in a perpendicularly exchange-coupled TbFeCo/GdFeCo bilayer film by using pump-probe magneto-optical polar Kerr spectroscopy. We observe an ultrafast modulation effect on local magnetization orientation in the GdFeCo layer which is triggered by the femtosecond laser pulse and driven by the effective exchange field, and also first demonstrate the dynamics. In addition, an atomistic Heisenberg model is proposed for studying these laser-induced magnetization dynamics by using micromagnetic simulation.
2 EXPERIMENT
The sample studied here is a TbFeCo(40 nm)/GdFeCo(50 nm) coupled bilayer film prepared on a glass substrate by magnetron sputtering. The TbFeCo layer with high PMA has a strong coercivity (Hc) of ∼7 kOe, while the GdFeCo layer has weak magnetocrystalline anisotropy and hence possesses in-plane magnetization.
The laser-induced magnetization dynamics are measured by using a time-resolved pump-probe magneto-optical Kerr configuration. Linearly polarized laser pulse train with a central wavelength of 800 nm, a duration of 100 fs, and a repetition rate of 1 kHz is generated from a Ti:sapphire regenerative amplifier and split into the pump and probe beams. Both the two beams are almost incident normally on the surface of GdFeCo layer with a pulse fluence ratio of pump to probe larger than 30. The focused spot diameter of the pump beam is ∼150 μm, while the probe spot located at the center of the pump spot is set to be nearly a half smaller to decrease the temperature gradient within the probed area. The probe beam reflected from the sample is divided into two orthogonally polarized components by a Glan prism to measure the polar Kerr rotation by using a differential detector combined with a lock-in amplifier. A variable magnetic field generated by an electromagnet is applied perpendicularly to the sample plane. All measurements are performed at room temperature.
3 RESULTS AND DISCUSSION
Considering the light penetration depth, the polar Kerr signal in our experiment mainly comes from the out-of-plane magnetization component in the upper half part of GdFeCo layer. Note that for RE-TM materials, the Kerr signal probed at 800 nm is contributed from the magnetic moment of TM atoms [18], namely FeCo atoms here. As shown in Figure 1A, the out-of-plane polar Kerr hysteresis loop presents the hard-axis hysteresis of GdFeCo layer. Due to the competition between the demagnetizing field and the effective bias field from exchange coupling [2, 10], a nonuniform magnetization distribution is formed in the GdFeCo layer. The slight hysteresis under small external field just presents the different magnetization states of GdFeCo layer originated from the opposite saturation states of TbFeCo layer.
[image: Figure 1]FIGURE 1 | (A) Normalized polar Kerr hysteresis loop of the GdFeCo layer. (B) Laser-induced magnetization dynamics measured under H = ±8 kOe and pump fluence of 9.8 mJ/cm2. The Kerr signal is normalized to the static Kerr value at H = ±8 kOe.
Figure 1B shows the laser-induced magnetization dynamics measured under pump fluence of 9.8 mJ/cm2 and external field (H) of ±8 kOe which is larger than Hc of TbFeCo layer. Only ultrafast demagnetization and magnetization recovery can be observed in the dynamical process. The magnetization recovery time is ∼460 ps, showing a slow heat-diffusion process.
Next, field-dependent magnetization dynamics are measured. Anomalous dynamical phenomena are observed in a range of small field. In Figure 2A, it seems that the trace for H = 1.6 kOe still only presents the typical dynamical processes of ultrafast demagnetization and magnetization recovery. However, the decay curves for −800 Oe, −320 Oe, and 0 Oe all cross their initial magnetization states. With decreasing H, the crossing amplitude increases, while the crossing time decreases from 462 to 176 ps. In the case of 0 Oe (without external field applied), the crossing amplitude seems even larger than the demagnetization amplitude. This anomalous behavior could not be attributed to the magnetization precession, a strong evidence is that the crossing time increases with increasing H, whereas the time period of magnetization precession should decrease with increasing H [23]. Then, what does it originate from?
[image: Figure 2]FIGURE 2 | (A) Laser-induced magnetization dynamics measured under different external field and a constant pump fluence of 9.8 mJ/cm2. (B) Average magnetization orientation angle [image: image] as functions of delay time. The dashed lines in both (A) and (B) denote the initial state before excitation. The sign of MT shows the saturated state of the TbFeCo magnetization.
As mentioned above, because of the limited light penetration depth, direct laser excitation on the TbFeCo layer can be neglected. The femtosecond laser pulse mainly decreases the transient magnetization of GdFeCo layer, and simultaneously reduce the demagnetizing energy (Ed) and the exchange energy (EA) [10]. These would change the equilibrium distribution of the magnetization orientation in GdFeCo layer, leading to the transient magnetization reorientation. Mostly in RE-TM layer, the reduction of Ed is more obvious, so the magnetization reorientation is expected to toward the orientation of TbFeCo magnetization driven by the exchange field. Note that along the vertical direction, the demagnetizing field in GdFeCo layer is nonuniform, the vertical diffusion of laser heating should increase the transient influence on demagnetizing field, and thus further singularize the role of exchange field. Especially, if the transient temperature is around the magnetization compensation point [16], a remarkable reduction of Ed should also significantly enhance this effect. Moreover, with H increased, the role of exchange field in the total effective field become minor, and thus the magnetization reorientation effect would be gradually submerged by the magnetization recovery, leading to smaller crossing amplitude and shorter crossing time.
Time dependence of the magnetization orientation can be estimated via the relation [image: image], where [image: image] is the projection of magnetization on z axis (out-of-plane component) and [image: image] is the angle between magnetization orientation and the sample plane. [image: image] is the magnitude of magnetization which is dependent on the transient temperature and can be approximately obtained from the dynamic trace measured under H = ±8 kOe as shown in Figure 1B [15]. Figure 2B shows [image: image] as functions of the delay time extracted from Figure 2A. Here we can clearly see an ultrafast modulation effect on the local magnetization orientation in GdFeCo layer. Note that those are only the average results of the nonuniform magnetization distribution in the probe depth. Such modulation effect of [image: image] can be only observed under relatively small field (H < ∼1 kOe). The max change of [image: image] is ∼6.1° and occurs at ∼300 ps after laser excitation without external field applied. Evidently, recovery of [image: image] originates from the recovery of Ed and EA.
To further demonstrate the role of exchange field in the dynamics, we compare the transient traces measured with opposite saturated magnetization states of the TbFeCo layer (denoted by the sign of MT) and opposite directions of H, respectively, as shown in Figure 3A. As expected, opposite MT results in opposite direction of magnetization reorientation, even with the same condition of external field and laser fluence. This is also another strong evidence for excluding the magnetization precession as the origin of the observed dynamical phenomena. It is clear that the initial state of magnetization in the probed area is dominated by H, while the direction of magnetization reorientation is controlled by MT, implying that just the exchange field drives the magnetization reorientation after laser excitation. This result agrees with that of the steady measurements for MSR [20], but here we first reveal the dynamics and related timescale.
[image: Figure 3]FIGURE 3 | (A) Laser-induced magnetization dynamics depended on the directions of exchange bias field and external field. The sign of MT shows the saturated state of the TbFeCo magnetization which reflects the direction of exchange bias field. The arrows denote the direction of magnetization reorientation. (B) Comparison of magnetization dynamics measured under different excitation fluence.
Figure 3B shows the dynamics measured under the same H and MT but different laser fluence. The higher fluence not only leads to a more remarkable demagnetization, but also a larger crossing amplitude and a shorter crossing time, showing that increase of the laser excitation energy can accelerate the magnetization reorientation. This result further demonstrates the laser modulation effect of the local magnetization orientation.
4 MICROMAGNETIC SIMULATION
In order to further understand the mechanism of above experimental phenomena, we construct an atomistic Heisenberg model for describing the magnetic states of FeCo atoms in GdFeCo layer of the sample, which comprises of nearest ferromagnetic exchange interaction ([image: image]), anisotropy ([image: image]), and effective magnetic field ([image: image]) terms [24, 25]:
[image: image]
where the magnetic moments are imposed on a two-dimensional square lattice with periodic boundary conditions, with [image: image] denoting the magnetic moment at site i in the xy-plane. We consider an easy-plane magnetic anisotropy ([image: image] > 0) in the GdFeCo layer as revealed by the experimental observation. In phenomenological sense, such an easy-plane anisotropy naturally arises from the strong magnetic dipolar interactions (demagnetization energy) in the system. The inter-layer exchange coupling can be parameterized by an exchange bias field acting on the FeCo atoms in the GdFeCo layer, which orients towards the same direction with that of MT. For simplicity, the exchange bias field here is included into the external magnetic field as an effective magnetic field [image: image] normal to the xy-plane.
In the simulations, we first study the temperature dependences of equilibrium magnetic properties of GdFeCo layer using the Langevin Landau-Lifshitz-Gilbert stochastic equation [24, 25] (see Simulation methods in the Supplementary Information). The temperature-dependent behaviors are monitored by evaluating the thermal-averaged magnetization [image: image] and magnetization components [image: image] along the z-axis, which are defined as [image: image] and [image: image], where [image: image]denotes a classical Heisenberg spin with unit length at site i, N is the number of spins, and <…> refers to the thermal average for the equilibrium states at a given temperature T. The simulated results in Figure 4A show that the magnetization [image: image] decreases from 1.0 at T = 0 to ∼0.0 at high temperature with T increases, corresponding to the transition from ferromagnetic state at low T to paramagnetic state at high T. In addition, the reduced [image: image]− T curve exhibits that[image: image] rises smoothly when T < Tc and drops down when T > Tc with T increases. This indicates that the out-of-plane reorientation of magnetization occurs with increasing temperature when T < Tc [26–28], and just agrees with the experimental results.
[image: Figure 4]FIGURE 4 | (A) Simulated thermal-averaged out-of-plane magnetization component [image: image]and magnetization [image: image] of equilibrium states as functions of temperature T, under [image: image] ([image: image] is the atomistic magnetic moment). Here [image: image] is normalized in the unit of [image: image], with [image: image] representing the out-of-plane magnetization at Curie temperature Tc. (B) Simulated laser-induced dynamics of out-of-plane magnetization component [image: image] under different effective magnetic field Bz. Here [image: image] is scaled in the reduced unit of [image: image], which denotes the magnetization under magnetic field Bz and temperature [image: image]. The initial values of [image: image] before excitation are marked by the blue dashed lines.
To proceed, we simulate the laser-induced ultrafast magnetization dynamics by employing the Landau–Lifshitz–Bloch (LLB) equation [29–32], in which the temperature of atomic spins are determined by using the three-temperature model [33–35] (see Simulation methods in the Supplementary Information). In this scheme, the system is first relaxed by solving the LLB equation under the effective magnetic field Bz for reaching the equilibrium state. Then we carefully tracked the dynamics of out-of-plane components of magnetization ([image: image]) from the initial equilibrium state after the laser excitation.
Figure 4B presents the evolutions of [image: image] as functions of time, and one can see that a sharp demagnetization occurs after excitation of laser-pulse heating. Subsequently, [image: image] gradually recovers to its equilibrium state. In this process, the intriguing behavior of magnetization reorientation appears and consists with our experimental observation.
In our experiments, [image: image] shows a slow recovery with complete recovery time larger than 600 ps. In this sense, one may understand the [image: image] dynamic behaviors from the equilibrated temperature-dependence of [image: image] in Figure 4A, considering that the system becomes quasi-equilibrium states in the process of magnetization recovery. Thus, the orientation of spins gradually tends to the quasi-equilibrium direction depended on transient temperature, leading to [image: image] crossing its initial state. With the subsequent recovery of transient temperature, [image: image]gradually recovers to the equilibrium state. Note that the crossing amplitude decreases and the crossing time increases with increasing [image: image], agreeing well with the experimental observations in Figure 2A.
5 CONCLUSION
In summary, the laser-induced magnetization dynamics and the ultrafast modulation effect on local magnetization orientation in a perpendicularly coupled TbFeCo/GdFeCo film are studied by using time-resolved magneto-optical Kerr spectroscopy. The magnetization reorientation in the GdFeCo layer is triggered by the femtosecond laser pulse and driven by the effective exchange field. These processes occur within a timescale of hundreds of ps. We discuss the field- and fluence-dependent dynamical behaviors, and propose an atomistic Heisenberg model to study the dynamics by using micromagnetic simulation. The simulation agrees with the experimental phenomena and further reveals the underlying mechanism. These results show an approach for ultrafast manipulation to the local magnetization orientation in perpendicularly exchange-coupled structures via changing exchange bias state and laser fluence.
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