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Abstract

:

Tantalum oxide (TaOx) thin films are one of the commonly used solid electrolytes in inorganic all-solid-state electrochromic devices (ECDs). The chemical composition and microstructure of TaOx films have a crucial influence on its electron blocking and ion transport properties in all-solid-state ECDs. In this work, various oxygen flux was used to deposit the TaOx films with different compositions and microstructures by pulsed direct current (p-DC) reactive magnetron sputtering. The structural properties, morphologies, chemical compositions, optical properties, electron blocking, and ionic conductive properties of the TaOx films were systematically investigated. The results show that in a certain range, the higher the oxygen flux, the stronger the ion transport ability of TaOx and the lower the electronic conductivity, which could be attributed to the loose structure and smaller number of oxygen vacancies of the films, respectively. Moreover, an all-solid-state ECD with the multilayer structure of glass/ITO/WO3/Li/TaOx/NiO/ITO was also fabricated by the magnetron sputtering method. The device exhibited excellent comprehensive electrochromic properties including high optical modulation, large coloring efficiency, fast response (especially bleaching process), and good cycle stability.
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1. Introduction


Electrochromic devices (ECDs) can reversibly and permanently change optical properties such as transmittance, absorptivity, and reflectivity under an applied external voltage, which is manifested as color change in appearance. Due to their large optical modulation, relatively low driving voltage, and multi-band independent control, ECDs have been widely used in building windows, automotive anti-glare rearview mirrors, aircraft portholes, and other fields [1].



In general, ECDs consist of five layers: a transparent conductive (TC) layer/electrochromic layer/ electrolyte layer or ion-conducting layer/ion storage layer/TC layer [2,3,4,5,6]. As is well-known, WO3 and NiO have been widely studied and used as an electrochromic layer and ion storage layer, respectively [2,3,4,5,6,7,8]. However, research on the electrolyte layer which plays an important role in conducting ions and blocking electrons in ECDs is still relatively insufficient. Among various electrolytes, inorganic solid electrolytes have attracted much attention due to their excellent weather resistance, simple preparation, and strong electrochemical and chemical stability compared with liquid or gel electrolytes [5,6,8]. Inorganic solid electrolytes mainly include H+-type electrolytes and Li+-type electrolytes. Although H+-type electrolytes have high proton mobility owing to the small size and light mass of protons, they are susceptible to environmental humidity, which restricts their practical application in all-solid-state ECDs [9]. Compared with H+-type electrolytes, Li+-type electrolytes are stable enough to withstand years of ECD operation without degradation, while maintaining the low resistance to Li+ during diffusion [2].



Tantalum oxide (TaOx) is an inorganic solid electrolyte frequently used in all-solid-state ECDs due to its high transparency, good chemical and thermal stability, low leakage current, and good ionic conductivity [4,10,11]. However, in fact, it is used more as an H+-type electrolyte, and there are few and immature studies on its use as a Li+-type electrolyte. In addition, the high ionic conductivity and electronic insulation ability of the electrolyte depend on the microstructure and composition of the material, which is determined by the preparation technology and related process parameters [12,13,14]. For the practical application of inorganic solid electrolyte in ECDs, process compatibility and reliability are very important in the industrial manufacturing of ECDs. Reactive magnetron sputtering technology has been widely selected and used for the fabrication of all-solid-state ECDs, because it can continuously deposit each layer of ECDs without breaking the vacuum to achieve integrated preparation [5,15]. Moreover, it has a fast deposition rate, low operating temperature, and its process variables can be controlled independently.



In this work, TaOx thin films were deposited at various oxygen flux using pulsed direct current (p-DC) reactive magnetron sputtering. Various material properties including structure, compositions, morphologies, optical, electrical, and electrochemical properties were systematically studied. The relationship between the ionic conductive and electron blocking properties as well as the microstructure and composition of TaOx electrolyte films are discussed. Finally, an all-solid-state ECD with the configuration of glass/ITO/WO3/Li/TaOx/NiO/ITO was prepared using the magnetron sputtering method, in which an additional Li layer was added as an active ion source [16], and its electrochromic properties were systematically investigated.




2. Materials and Methods


2.1. Preparation of TaOx Films


The TaOx films were prepared by p-DC reactive magnetron sputtering (Technol, Beijing, China) from a Ta target (Φ74.5 mm × 4.6 mm) at room temperature. Silica glass and ITO/WO3-coated glass were used as the substrates. The TaOx films sputtered on silica glass substrates were used as a physical characterization, and TaOx sputtered on ITO/WO3-coated glass substrates were used as ion transport performance measurements. The target-to-substrate distance was approximately 10 cm. Prior to the deposition, silica glass substrates were ultrasonically cleaned in absolute ethanol and deionized water for 10 min and blown dried with N2. The chamber was vacuumized to a base pressure of 1 × 10−3 Pa and the Ta target was pre-sputtered in a pure argon atmosphere for 10 min to remove the surface contaminations. During deposition, the total pressure was kept at 1.2 Pa and the sputtering power was maintained at 120 W. The TaOx films with different oxygen content were obtained by adjusting oxygen flux, and the Ar/O2 gas flow ratio was 30/2, 30/2.5, 30/3, 30/4, and 30/5 (unit: sccm). The substrate kept rotating at a speed of 6 rpm to guarantee film uniformity during the sputtering. The angle between the target surface and the substrate is about 35°.




2.2. Preparation of All-Solid-State ECD


The inorganic all-solid-state ECDs (glass/ITO/WO3/Li/TaOx/NiO/ITO) were individually prepared layer by layer on ITO-coated glass (~7 Ω/□) by magnetron sputtering at room temperature. The ITO-coated glass will be ultrasonically cleaned in absolute ethanol and deionized water for 10 min and blown dried with N2 before preparation. The preparation of each layer was carried out continuously in a multi-target magnetron sputtering system. Each target (Φ74.5 mm) was equipped with a cover in order to avoid cross-contamination. Pre-sputtering was performed in an Ar gas flow of 30 sccm for 10 min before each layer deposition. The base pressure of the chamber was vacuumized to 1 × 10−3 Pa. The target-to-substrate distance was about 10 cm. The substrate stage kept rotating to obtain uniform films. Ar (99.999%), O2 (99.999%), and Ar-O2 mixture gas (90% Ar + 10% O2, 99.999%) were used, and their flow rates were adjusted by mass flow controllers. Among them, Ar-O2 mixture gas was selected instead of O2 for the prepared of NiO and ITO films to ensure the accurate ratio of argon to oxygen owing to the low amount of O2 required for deposition. The detailed deposition parameters for WO3, NiO, Li, TaOx, and top ITO layers are listed in Table 1.




2.3. Physical Characterization


The structures of the TaOx films on silica glass substrates were measured by X-ray diffractometer (XRD, Bruker D8 Advance, Karlsruhe, Germany) with the X-ray of Cu Kα radiation. The diffraction scanning 2θ range was 10–80° with a step of 0.06° and a step time of 0.1 s. The surface morphologies and roughness of the TaOx films were analyzed by scanning electron microscope (SEM, Hitachi SU-8010, Tokyo, Japan) and atomic force microscope (AFM, Bruker Dimension, Karlsruhe, Germany). The acceleration voltage of SEM was 3 kV, and the working distance was 2–4 mm. For AFM, tapping mode was used with a scan rate of 1 Hz and a scan range of 5 μm. The cross-sectional morphology of the ECD was also acquired by SEM and the cross-section was exposed to the air for a short time before SEM observation. The thickness of the TaOx films were measured by a surface profiler (P-7, KLA Tencor, San Francisco, CA, USA) and consisted well with the cross-sectional SEM results. The composition of the TaOx films were determined by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi, Waltham, MA, USA). The X-ray source was monochromatic Al Kα (hν = 1486.6 eV). The working power was 150 W, the voltage was 14.8 kV, the current was 1.6 A, the take-off angle was 55°, and the spot diameter was 650 μm. High-resolution scan spectra was collected at 20 eV passing energy and 0.1 eV step. Charge correction was performed by fixing the C 1 s peak at 284.8 eV. Thermo Avantage software (version 5.9918) was used to analyze the XPS data.




2.4. Optical and Electrochemical Measurements


The transmittance spectra of the TaOx films were collected by ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotometer (Agilent Cary 5000, Santa Clara, CA, USA) in the wavelength range of 200–1500 nm. The transmittance spectra of the ECD in bleached and colored state were acquired in the wavelength range of 380–800 nm. The in situ transmittance change of the ECD at 550 nm over time was recorded. Air was employed as baseline in the above measurements.



The typical Au/TaOx/Au sandwich structures were served for the electronic conductivity measurements, in which the Au film was prepared by DC magnetron sputtering with a thickness of about 100 nm. The effective active electrode area was 4 mm2. The sandwich structures were applied with a DC constant voltage of 2 V, and the current was recorded.



The electrochemical properties of the films and the ECD were studied on CHI 660E electrochemical workstation (Chinstruments, Shanghai, China) at room temperature. Electrochromic behaviors of the TaOx-coated ITO/WO3 electrodes were investigated by Chronocoulometry (CC) with in situ transmittance recording, and a standard three-electrode system was carried out containing 0.1 M LiClO4-PC (propylene carbonate) as the electrolyte, TaOx-coated ITO/WO3 as the working electrode, Ag/AgCl as the reference electrode, and platinum foil as the counter electrode. In the CC measurement, the TaOx-coated ITO/WO3 electrodes were colored at −1 V and bleached at 1 V, and the duration was 30 s. The electrochemical measurements of the ECD were carried out with a two-electrode system, where the bottom ITO layer close to WO3 layer was employed as the working electrode and the top ITO layer adjacent to NiO layer was used as the reference and counter electrodes. The EC properties of the ECD were measured based on step chronoamperometry (CA) and cyclic voltammetry (CV). The cycling stability of the as-prepared ECD were measured by CA for 1000 cycles. The applied voltage and duration were −1.5 V for 40 s (coloration) and 1 V for 20 s (bleaching) in CA cycles. The CV measurements were performed between −1.5 V and 1 V at a scan rate of 50 mV s−1.





3. Results and Discussion


3.1. Determination of the TaOx Deposition Conditions


The hysteresis curve of target voltage vs. oxygen flux of TaOx thin films was measured and recorded to choose suitable deposition conditions, as shown in Figure 1. With the gradual increase in oxygen flux, the target voltage first rises rapidly and then slows down. When the oxygen flux exceeds 5 sccm, the target voltage remains substantially constant, indicating that the Ta target surface has been sufficiently oxidized and almost covered by tantalum oxide [17]. As the oxygen flux drops from 6 sccm to 0 sccm, the target voltage decreases and a narrow hysteresis region is formed between 2–4 sccm. When the oxygen flux is lower than 1 sccm, the deposited film is mainly metal state [4,17]. The change trend of target voltage with oxygen flux during the reactive magnetron sputtering of the TaOx thin films is related to the emitted secondary electrons of target surface components [18]. The Ta2O5 component on the target surface increases with the increase in oxygen flux based on the Berg’s model [19], which will result in the decrease in total emitted secondary electrons due to the smaller secondary electron emission coefficient of Ta2O5. Consequently, the current decreases and target voltage increases under the constant power mode [4]. Finally, based on the hysteresis curve, the oxygen flux range is determined to be 2–5 sccm. The deposition rates under the selected deposition conditions were also measured, as shown in Figure 1. As the oxygen flow exceeds 2.5 sccm, the deposition rate is rapidly decreased since the target surface oxide layer gradually increases, and when the oxygen flux reaches 5 sccm, the deposition rate is only 4 nm min−1.




3.2. Structure, Morphology, Composition, and Optical Properties of the TaOx Thin Films


In order to determine the crystal structure of the TaOx thin films, XRD measurements were carried out. As shown in Figure 2, no diffraction peaks are detected by XRD in 2θ range of 10–80°, and the broad humps between 15–25° originate from the silica glass substrates. All TaOx films are amorphous regardless of Ar/O2 ratio. This demonstrates that TaOx films sputtered at room temperature or low substrate temperature are difficult to crystallize.



The surface and cross-sectional morphologies of the TaOx films are shown in Figure 3. The TaOx particle clusters on the surface of the film are evenly distributed. As the oxygen flux increases, the particle clusters on the surface gradually become plump, and the size is gradually increased. Further, clear cavity (void) boundaries between the particle clusters are observed with an increase in oxygen flux, and the cavities between the clusters have gradually become obvious. This probably means that the film packing density is gradually decreased. The cavities would generate a large number of surfaces and surface defects, creating the space-charge regions that could facilitate the transport of lithium ions on the surface of electrolyte film [20]. Moreover, the cross-sectional view of films show that TaOx is grown in a columnar structure, and with the increase in oxygen content, the amount of cavities between the columnar grains increases and the film structure becomes more loose.



To further characterize the surface morphology and roughness of the TaOx films, we conducted AFM measurements. Figure 4 displays AFM images of the TaOx thin films and the change trend of its roughness with various Ar/O2 ratios. The particle distribution on all TaOx film surfaces is uniform, which is in accordance with the SEM results. As the oxygen flux increases, the undulation of surface particles is gradually increased, and the bright spots representing particles or clusters in Figure 4a–e becomes larger, implying that its size gradually increases. Figure 4f shows the change trend of the root mean square roughness and the average roughness of the TaOx films as the Ar/O2 ratio. It can be seen that with an increase in oxygen flux, the film roughness is gradually increased. However, the overall increase is small, and all films roughness is less than 2 nm. This indicates that the flatness of the surface of the TaOx films is high, which is advantageous for uniform deposition of subsequent films in full devices.



The XPS data of TaOx films sputtered with various Ar/O2 ratio were collected to investigate the stoichiometry of the films. Figure 5 presents the high-resolution scan spectra of Ta 4f and O 1 s for the TaOx thin films deposited with various Ar/O2 ratio. As shown in Figure 5a, the binding energies of Ta4f7/2 and Ta4f5/2 doublet peaks were 26.2 ± 0.1 eV and 28.1 ± 0.1 eV, respectively, due to spin orbit splitting of the Ta5+ ion nanostructure. The binding distance of both peaks for all TaOx thin films deposited with different Ar/O2 ratios is kept at about 1.9 eV. Figure 5b shows that all O 1 s curves could be fitted to two Gaussian peaks, in which the shoulder peak in the higher binding energy range originates from surface-adsorbed oxygen species [4,21]. The strong peak at the binding energy of 530.4 ± 0.1 eV corresponds to the characteristic peak of O2− anions in TaOx films [4]. It is worth mentioning that the binding energy positions of both Ta 4f and O2- gradually move to the lower binding energy region with the increase in O2 flux in the preparation of TaOx thin films. This phenomenon could be assigned to the downward shift of Fermi level caused by the decrease in oxygen vacancy concentration with the increase in O2 flux [21]. Moreover, according to the peak areas of Ta 4f and O2-, the atomic ratios of O/Ta in TaOx films prepared at various Ar/O2 ratio can be estimated and have been summarized in Table 2. All the prepared films were non-metallic in appearance, and the atomic ratio of O/Ta increases with the increase in oxygen flux. The O/Ta atomic ratios of TaOx films deposited at Ar/O2 ratio of 30/4 and 30/5 are close to 2.5 as that of stoichiometric Ta2O5.



In order to characterize the optical properties of TaOx thin films sputtered with various Ar/O2 ratio, the transmittance spectra of TaOx thin films deposited on silica substrates in the wavelength range of 200–1500 nm was measured, as shown in Figure 6a. High transparency in the Vis-NIR region is preferred for the electrolyte layer of ECDs. From the inset photo of Figure 6a, one can see a lesser oxygen flux, darker film color, and lower corresponding optical transmittance, which probably means that the films were not completely oxidized under low oxygen flux. When the oxygen flux exceeds 3 sccm, the transmittance of the films is relatively high. And the visible light transmittance of the films deposited from 30/2 to 30/5 is 57.7%, 72.9%, 84.4%, 85.8%, and 85.2%, respectively, which is calculated out by Equation (1) according to ISO 9050 [22]. All the films exhibit strong absorption below 300 nm.


   τ v  = [   ∑   380   780    D λ  · τ  ( λ )  · V  ( λ )  · Δ λ  ] / [    ∑   380   780    D λ  · V  ( λ )  · Δ λ ]  



(1)




where    τ v    is the visible light transmittance,    D λ    is the relative spectral power distribution of standard illuminant D65,   τ  ( λ )    is the transmittance of film at the wavelength of  λ ,   V  ( λ )    is the spectral luminous efficiency of bright vision, and   Δ λ   is the wavelength interval, here 10 nm.



Figure 6b presents the plot of (αhν)1/2 versus hν. The optical band gaps of TaOx films with different Ar/O2 ratio is estimated by the intercept of (αhν)1/2 vs hν plot. The α is optical absorption coefficient. It can be calculated by the formula α = (−1/d) ln (1/T), where d is the thickness of the film and T is transmittance of the film. For indirect semiconductors like tantalum oxide, the dependence of the absorption coefficient on the incident photon energy (hν) is given by (αhν)1/2 = β (hν − Eg) [23], where β is a constant and Eg is the optical band gap. The band gap values are determined by extrapolating the linear regions of the plots to the x-axis (α = 0). According to the transmittance spectrum in Figure 6a, the band gap values for TaOx films were calculated to be from 4.06 to 4.23 eV with an increase in oxygen flux from 2 to 5 sccm, respectively, as shown in the insert of Figure 6b. The increase in the band gap with the increase in oxygen flux could be attributed to the different level of oxygen vacancies presented in the films. Typically, the oxygen vacancies induced by insufficient oxygen flux results in the formation of a defect band below the conduction band and thus causes a decrease in the band gap [21,24]. Owing to the lower oxygen vacancy concentrations, the larger band gap value of 4.23 eV can be obtained for the TaOx films prepared at the Ar/O2 ratio of 30/4 and 30/5 compared with other films.



The refractive index (n) of the films was determined from the optical transmittance interference data employing Swanepoel’s envelope method [25] using the relations n (λ) = [N + (N2 − n02 n12)1/2]1/2 and N = 2 n0 n1 [(Tmax − Tmin)/TmaxTmin] + (n02 + n12)/2, where n0 and n1 are the refractive indices of air and substrate, and Tmax and Tmin are the successive optical transmittance maxima and minima, respectively. Then, the refractive index data are used to calculate the relative density of the films using the Lorentz–Lorenz relationship [26], i.e., P = (ρf/ρb) = [(nf2 − 1)/(nf2 + 2)][ (nb2 + 2)/(nb2 − 1)], where ρf, ρb are the film and bulk density for Ta2O5 films, nb = 2.16 is the bulk refractive index at 550 nm, and nf is the film refractive index [27]. The variation of refractive index and relative density of TaOx thin films with Ar/O2 ratio are shown in Figure 6 c. As the oxygen flux increases, the film refractive index and relative density gradually decrease, indicating that the porosity of the film is gradually increased, which is consistent with the SEM results in Figure 3. The cavities, pores, and gaps in the TaOx films deposited at high oxygen flux reduce their intrinsic refractive index, and a large number of surfaces generated may promote the conduction of Li ions by surface and result in enhanced ion transport ability [10,20].




3.3. Electrochemical Properties of the TaOx Films


Fast conducting ions and effective blocking electrons are the main functions of the electrolyte layer in all-solid-state ECDs. First, in order to characterize the electron blocking ability of the TaOx electrolyte layer, current–time curves of TaOx films sputtered with various Ar/O2 ratio were measured by applying a DC voltage of 2 V, as shown in Figure 7. As observed, the current of all TaOx films decreases rapidly at the initial stage and then tends to be stable. The current in the initial stage originates from the polarization process of H+ ionized by trace water in the air adsorbed by the film. Further, the steady-state current is owing to the electron leakage current, from which the electronic conductivity can be determined. The electronic conductivity σe can be calculated from σe = d/(R × S) and R = U/I, where d is the thickness of the film and S is the area of the effective electrode region. It can be clearly observed that as the oxygen flux increases, the steady-state current of the sample gradually decreases, that is, the electronic conductivity gradually decreases. Studies have shown that there are a large number of oxygen vacancies in non-stoichiometric TaOx films, which form a defect band and produce an electron leakage current [28,29]. Therefore, the higher the oxygen flux in the preparation process, the higher the oxidation degree of TaOx films, and the lower its electronic conductivity. The electronic conductivities of the films deposited from 30/2 to 30/5 are 2.06 × 10−7, 7.05 × 10−11, 1.31 × 10−11, 4.16 × 10−12 and 3.08 × 10−12 S cm−1, respectively. The electronic conductivity of TaOx films prepared at 30/4 and 30/5 is very close due to their almost identical O/Ta atomic ratio. In addition, their values are comparable to the results of Li2.5TaOx electrolyte films used in a similar all-solid-state ECD structure [5]. It should be mentioned that the duration of current–time curves at a constant voltage was limited within 180 s in this measurement. Further, this polarization measurement does not provide accurate results because of the ionic space charge at the electrode/electrolyte interface [5]. The real electronic conductivities should be lower than these values.



Then, in order to study and analyze the ion transport ability of TaOx, TaOx films with different Ar/O2 ratio were deposited on ITO/WO3-coated glass, and the electrochemical properties of ITO/WO3/TaOx were investigated. Figure 8 shows the CC curves and the corresponding change of in situ transmittance of ITO/WO3/TaOx, in which ITO/WO3 is also measured as a control. As shown in Figure 8a, with the increase in oxygen flux, the charge capacity of the sample increases significantly, especially between 30/2.5 and 30/3. This indicates that Li ions transport more easily in TaOx films prepared at higher oxygen flux, which could be attributed to the loose structure and low relative density of the TaOx films (Figure 3 and Figure 6c), providing a large number of surfaces for ion conduction [20]. When the oxygen flux further increases, the increase in charge capacity gradually becomes slow because the relative density of the films tends to be stable (Figure 6c). Figure 8b presents that the optical modulation (difference between colored transmittance and bleached transmittance) of the sample gradually increases with the increase in oxygen flux, which is consistent with the change of charge capacity. The larger optical modulations were obtained in the samples prepared at 30/4 and 30/5 Ar/O2 ratios, which were 63.3% and 65.5%, respectively. It should be noted that the transmittance of deposited state (or bleached state) TaOx sample with Ar/O2 ratio of 30/2 is low. This is because the insufficient amount of oxygen makes TaOx in a severe anoxic state, reducing WO3 in the lower layer (reducing W6+ to W5+), resulting in a blue color of the deposited sample–that is, a low transmittance.




3.4. Characterization of the All-Solid-State ECD


The above results show that the increase in oxygen flux will decrease the relative density of the films and reduce oxygen vacancies, which, to some extent, is conducive to the enhancement of ion conduction ability and the reduction in electronic conductivity of TaOx, respectively. The TaOx films deposited at the Ar/O2 ratio of 30/4 and 30/5 have similar ion transport ability and electronic barrier properties due to their close relative density and O/Ta atomic ratio. In addition, it is worth emphasizing that the TaOx film with 30/4 has a faster deposition rate of 6.2 nm min−1 (Figure 1), which is 1.55 times that of the TaOx film with 30/5. Therefore, the TaOx film with Ar/O2 ratio of 30/4 was selected and prepared as the electrolyte layer in the fabrication of inorganic all-solid-state ECD.



The structural schematic diagram of the all-solid-state ECD corresponding to deposition sequence is illustrated in Figure 9a. Li is sputtered after the deposition of the WO3 layer, and it cannot be detected because Li diffuses directly into the WO3 layer to reduce it to blue LixWO3 (Figure S1) [30]. Cross-sectional morphology of the ECD presented in Figure 9b clearly shows a five-layer structure ITO/LixWO3/TaOx/NiO/ITO (Li has diffused into WO3 layer). The interfaces between the layers can be clearly identified, suggesting that these layers are chemically and physically stable [2]. The thickness of each layer from top to bottom is approximately 250 nm, 150 nm, 300 nm, 300 nm, and 250 nm, respectively. This is in accordance with the predicted value. In addition, the XRD patterns of WO3, WO3/Li and NiO films were also measured and displayed in Figure S2, indicating that the WO3 and WO3/Li films are amorphous and NiO is a face-centered cubic structure.



The electrochemical characteristics and electrochromic performance of the ECD were investigated by CV and transmittance measurements. Figure 10a displays the CV curves of the ECD after 10 cycles and 1000 cycles in the voltage range of −1.5 to 1 V at a scan rate of 50 mV s−1. It is found that the features of CV curves are similar to those of single WO3 film, which indicates that WO3 plays a major role in the contribution of electrochromic performance of the ECD [2,5,15]. In addition, the CV area after 1000 cycles is slightly smaller than that after 10 cycles, suggesting that the active units involved in the electrochromic reaction in ECD are slightly reduced owing to the ion-trapping effect in the NiO and WO3 layers [31,32]. More importantly, it is noted that the current density of CV curves in the high potential range (>0.25 V) is close to 0, implying that the leakage current of this ECD is extremely small, and this also reflects that the 300 nm thick TaOx film prepared at an Ar/O2 ratio of 30/4 can effectively block the flow of electrons inside the ECD.



Figure 10b exhibits the transmittance spectra of the ECD in the bleached state (Tb) and colored state (Tc) and transmittance modulation (ΔT = Tb − Tc) in the 10th cycle and 1000th cycle. The voltages of −1.5 V and 1 V were applied to the coloring process and bleaching process of ECD, respectively. As observed, the ECD exhibits a relatively high bleaching transmittance in the visible region and has a transmittance of 82% at 550 nm, which is sensitive to human eyes, showing a transparent feature. Moreover, at the 10th cycle, the ECD have a ΔT of 42% at 550 nm and a maximum ΔT of 46.3% at 668 nm. After 1000 cycles, the ΔT of ECD at 550 nm and 668 nm still remain at 34.1% and 37%, respectively, indicating good optical modulation characteristics of the ECD.



Response time is defined as the time needed to reach 90% of the transmittance modulation ΔT of the ECD at a fixed wavelength. Figure 10c displays the in situ transmittance curves of the ECD after 10 and 1000 cycles at 550 nm. It can be seen that the ECD after 10 cycles has a short response time of 8.9 s for coloring and 1.7 s for bleaching. A short response time for an ECD requires faster ion diffusion and higher ion conductivity. Generally speaking, the color/bleaching response time of all-solid-state ECD is more than 10 s due to the low ion diffusion rate in the solid electrolyte [6]. The faster response speed in this work could be attributed to the low relative density and porous and loose structure of the TaOx electrolyte film, which leads to faster ion migration by surface conduction [20]. This is also supported by Xie et al., who realized a fast response (coloring 5.7 s; bleaching 2.2 s) through the loose LixAlOz electrolyte film structure used in all-solid-state ECDs [6]. After 1000 cycles, the bleaching response time of ECD do not change significantly compared with the initial stage, while the coloring time becomes longer, which is 18.8 s. It has been reported that the active Li+ ions in the cycle process will be partially trapped in the WO3 and NiO layer, which is difficult to escape, and the ion-trapping in the NiO layer is dominant [31,32]. Furthermore, the trapping of Li+ ions results in larger transfer resistance and smaller charge diffusion coefficient [15,33], which hinders the transfer kinetics of ions between the WO3 and NiO layer, especially the transfer from the NiO to WO3 layer. As a result, the coloring time becomes longer after a long cycle. In addition, the obvious difference between bleaching time and coloring time could be related with the relatively higher electron conductivity for colored both NiO and WO3 layers, leading to a faster bleaching response [34,35].



Figure 10d shows the corresponding current density–time curves to present the rapid migration and charge capacity in the ECD. Obviously, the fast coloring/bleaching response can be observed. Due to the relatively higher electronic conductivity of the colored WO3 and NiO films, the peak current density during bleaching is greater than that during coloring. Compared with the ECD after 10 cycles, the peak current density of the ECD after 1000 cycles is smaller for both the coloring and bleaching processes due to the reduction in active Li+ ions. Further, most importantly, the ECD has a very small residual current density in the balanced state, namely the leakage current, whether in the coloring or bleaching process. Under the conditions of −1.5 V for 40 s and 1 V for 20 s, the leakage current of the ECD after 10 and 1000 cycles is 3.3 and 4.4 μA cm−2 during coloring and 14.5 and 12.6 μA cm−2 during bleaching, respectively. Such small leakage currents prove the strong electron blocking ability of the TaOx film prepared in this study, which is consistent with the results of the CV curves in Figure 10a.



Coloration efficiency (CE) is also a significant criterion to evaluate the performance of the ECD, which can be determined by the change of optical density (ΔOD) per unit charge density (ΔQ); it can be calculated by the following equations: CE = ΔOD/ΔQ = log (Tb/Tc)/ΔQ, where the ΔOD and ΔQ were calculated from the in situ transmittance and the corresponding CA curves at 550 nm in Figure 10c,d. The CE values were calculated from the slope of the fitting line of ΔOD versus ΔQ, as shown in Figure 10e. It can be observed that the CE value of ECD in 10th cycle is up to 68.4 cm2 C−1, which is comparable to or even higher than the values reported in the literature [3,6,8,36]. Even after 1000 cycles, when the optical density decreases slightly, the CE value of the ECD still remains as high as 67.2 cm2 C−1. The high CE values suggest that the ECD could obtain large optical modulation with small changes of inserted charges.



Figure 10f further shows the change trend of the transmittance of ECD in the colored/bleached state during the cycle. As observed, after the initial activation stage, the transmittance in the bleached state of ECD remained stable with the increase in the number of cycles. Further, the transmittance in the colored state first increased slightly and then gradually stabilized. After 1000 cycles, the ECD still has 81.2% retention rate of initial optical modulation and the same cross-sectional morphology (Figure S3) as Figure 9b, showing good cycle stability of the all-solid-state ECD. In addition, it can be easily acquired from the foregoing that the ion-trapping in the NiO layer is mainly responsible for the slight increase in the transmittance of the colored state. The enhancement of the stability of NiO layer can be achieved by element doping [37,38] or construction of special structures [39] in future work.





4. Conclusions


In this work, the optical and electrochemical properties of TaOx electrolyte film deposited by reactive p-DC magnetron sputtering were systematically investigated for application in the ECDs. All TaOx films reactively sputtered in different Ar/O2 ratios were amorphous. The surface morphology, roughness, O/Ta atomic ratio, optical band gap, refractive index, and relative density of the TaOx film were found to be closely related to the Ar/O2 ratio introduced during sputtering. The surface morphology of the films has columnar particle clusters with a porous and loose structure, separated by void boundaries. With the increase in oxygen flux, the porosity and surface roughness of the film gradually increase, the O/Ta atomic ratio gradually approaches the stoichiometric ratio, the optical band gap gradually increases, and the refractive index and relative density gradually decrease. Furthermore, the electronic conductivity of the TaOx film decreases with the increase in oxygen flux owing to the reduction in oxygen vacancies. The low electronic conductivities of the order of 10−12 S cm−1 were obtained in the TaOx films with Ar/O2 ratio of 30/4 and 30/5. The electrochemical and optical measurement results of ITO/WO3/TaOx show that the ion conduction ability of the TaOx film is also enhanced with the increase in oxygen content, which could be attributed to the loose structure of the TaOx film, providing fast channels for ion conduction by surface. A multilayered inorganic all-solid-state ECD with the configuration of glass/ITO/WO3/Li/TaOx/NiO/ITO was prepared by the magnetron sputtering method. Under the driving voltage of −1.5 V/1 V, the ECD exhibited considerable optical modulation (46.3% at 668 nm), high coloring efficiency (68.4 cm2 C−1), a fast response speed (8.9 s for coloring and 1.7 s for bleaching), and good cycle stability. In addition, the ECD has a much lower leakage current density due to the outstanding electron blocking ability of the TaOx electrolyte layer.
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Figure 1. The relationship curves of target voltage and deposition rate vs. O2 flux during reactive magnetron sputtering for preparation of TaOx thin films. (Black line is the target voltage change when oxygen flux rate increases, red line is the target voltage change when oxygen flux decreases, and blue line is deposition rate). 
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Figure 2. XRD patterns of the TaOx films with different Ar/O2 ratio deposited on silica glass substrates. 
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Figure 3. The surface and cross-sectional morphologies of the TaOx films with various Ar/O2 ratio, (a) 30/2, (b) 30/2.5, (c) 30/3, (d) 30/4, and (e) 30/5. 
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Figure 4. AFM images of the TaOx films with various Ar/O2 ratio, (a) 30/2, (b) 30/2.5, (c) 30/3, (d) 30/4, (e) 30/5, and (f) change trend of roughness of TaOx films. 
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Figure 5. The XPS spectra of (a) Ta 4f and (b) O1 s for the TaOx thin films sputtered with various Ar/O2 ratio. 
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Figure 6. (a) Optical transmittance spectrum of the TaOx films sputtered with various Ar/O2 ratio on silica glass, insert: the digital images of as-deposited films. (b) (αhν)1/2 vs. hν plots of the TaOx films on silica glass, insert: the variation of band gap values for TaOx films. (c) The variation of refractive index and relative density of the TaOx films with different Ar/O2 ratio. 
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Figure 7. Current–time curves of TaOx films sputtered with various Ar/O2 ratio under a DC voltage of 2 V. 
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Figure 8. The variation of CC curves (a) and the corresponding transmittance (b) of ITO/WO3/TaOx with different Ar/O2 ratios. 
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Figure 9. Structural schematic diagram (a) and cross-sectional morphology (b) of the all-solid-state ECD. (Arrow represents Li diffusion into WO3 layer). 
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Figure 10. The electrochemical and EC performance of all-solid-state ECD. (a) CV curves of the all-solid-state ECD after 10 cycles and 1000 cycles; (b) Optical transmittance spectra of the colored state, bleached state and transmittance modulation ΔT; (c) In situ transmittance measurements at 550 nm performed at −1.5 V for 40 s and 1 V for 20 s; (d) Current density–time curves corresponding to (c); (e) Optical density vs. charge density of the ECD at 550 nm; and (f) Cyclic stability of the ECD. 
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Table 1. Deposition parameters for the WO3, NiO, Li, TaOx, and top ITO layers of all-solid-state ECD.
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	Film
	Target
	Power Source
	Ar: O2: Ar-O2 a (sccm)
	Pressure (Pa)
	Sputtering Power (W)
	Thickness (nm)





	WO3
	W
	p-DC
	32:8:0
	1.5
	120
	300



	NiO
	Ni
	p-DC
	11:0:14
	2
	130
	150



	Li
	Li
	DC
	30:0:0
	0.5
	60
	40



	TaOx
	Ta
	p-DC
	30:4:0
	1.2
	120
	300



	ITO
	ITO
	DC
	24.6:0:6
	0.5
	100
	150







a Ar-O2 mixture gas (90% Ar + 10% O2).
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Table 2. Summary of the XPS results for TaOx film deposited by various Ar/O2 ratio.
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	Ar/O2
	30/2
	30/2.5
	30/3
	30/4
	30/5





	O at.%
	67.94
	68.85
	69.92
	71.08
	71.34



	Ta at.%
	32.06
	31.15
	30.08
	28.92
	28.66



	O/Ta
	2.12
	2.21
	2.32
	2.46
	2.49
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