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Abstract

  Composition adjusted LiCoO2 films are deposited on donor-doped electron-conductive SrTiO3 single crystal substrates, and (104)- and (001)-orientated epitaxial LiCoO2 thin films can be obtained on (100) and (111) cutting planes of the SrTiO3 substrate, respectively. Deposition of amorphous Li3PO4 solid electrolyte films on LiCoO2 cathode under careful control of substrate bias, as well as succeeding high-rate deposition of metallic Li films at an elevated temperature enables us to assemble thin film batteries showing definite anisotropy in battery performance. The (104)-oriented LiCoO2 cathode shows extremely high-rate discharge capability as contrasted with the low-rate capable (001)-oriented LiCoO2 cathode. Although p-n junction at the interface of p-type LiCoO2 film on n-type SrTiO3 substrate induces rectifying transport behavior with anomalous overpotentials, Pt current collectors connected to LiCoO2 films enable it possible to make an ohmic contact with ignorable resistance at any interfaces. 


Keywords   All solid-state battery, Interface, Thin film, Solid electrolyte, Oxide

2.1 Introduction

  High-rate capable Li-ion batteries are desired for high current output and rapid charging when required in most of applications. Nevertheless, even the potential of the active material itself, for example at the cathode, still remains to be completely elucidated. Anisotropic ionic conduction is expected in a major cathode LiCoO2 since it has typical 2-dimensional layered rock-salt structure, and the thin film batteries (TFBs) with orientation controlled epitaxial LiCoO2 cathode will give us useful information on the anisotropy. However, thin films usually tend to become low crystal quality, which is much lower than that of single crystals or powder samples synthesized by traditional solid-state reactions, because most processes of thin film formation are non-equilibrated thermodynamically.
  We are continuously trying to fabricate “single crystal quality” epitaxial thin films of all solid-state battery materials including oxide current collectors,1 oxide solid electrolytes,2,3 and electrode active materials,4-9 with special attention to stoichiometry (governing phase purity, point defects and valence state),4,5 crystallinity,5,7,9 crystallographic orientation,6,8,9 and thermodynamic equilibrium,1,3 to acquire reputable and reproducible results. Here we report the potential electrochemical properties of orientation controlled LiCoO2 thin film cathodes.

2.2 Thin film battery synthesis with epitaxial LiCoO2 cathode films

[bookmark: _Hlk162017646]  Epitaxial films of LiCoO2 cathode are synthesized by pulsed laser deposition (PLD), where an ultraviolet KrF excimer laser is used as the energy source for evaporation.10-13 To fill up Li loss during the processes of ablation3,5 and deposition5 10% Li-enriched Li1.1CoO2+δ sintered pellets are utilized as targets. During thin film deposition O2 gas is introduced to make up for oxygen deficiency, to regulate the valence states,2,3 and to control the light element Li content in the films by collisions with O2 molecules.3,5,14 The control of Li content is the most essential point to obtain high crystallinity LiCoO2 thin films since only stoichiometric composition can result in defect-free crystal formation. As high temperature as possible is employed to maximize film crystallinity, by which film-substrate reaction does not occur and the deposited films preserve mirror surface. Adopted substrate temperature is around 700 °C.
  Nb 0.5 wt% (i.e., 1 at%) and La 3 at% doped SrTiO3 single crystals (10 mm square or 10 mm diameter, 0.5 mm thick) are used as substrates for epitaxy since they are electron-conductive, and LiCoO2 thin films are deposited under strict stoichiometry,4,5 crystallinity,5,7,9 and orientation control.6,8,9 Details of the growth conditions can be found in previously published papers.4-9 Post-anneal in air is performed at 700 °C for 5 h for complete oxidation of the LiCoO2 films,7 and to maximize the crystallinity and electric conductance. As shown in Fig. 2.1, LiCoO2 is epitaxially grown with (001)6,9 and (104)6-8 orientation on the SrTiO3 (111) and (100) planes, respectively, to compare each electrode performance revealing the anisotropic conduction.
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	Fig. 2.1 2θ-ω scan X-ray diffraction curves for (a) a 105-nm-thick LiCoO2 films grown on 10-mm-sq. Nb doped SrTiO3 (111) and (b) a 99-nm-thick film on 10-mm-dia. Nb doped SrTiO3 (100), which correspond to Figure 2.2 (a, c) and (b, d), respectively.21



  The epitaxial LiCoO2 films are utilized for construction of TFBs by the following steps. An amorphous Li3PO4 film, which works as solid electrolyte layer, is deposited by RF magnetron sputtering (ca. 800 nm thick), and Li metal film is finally deposited by thermal evaporation with resistive heating in a vacuum as an anode and current collector (ca. 1.3 μm). The Li3PO4 must be amorphous to have high ionic conductivity exceeding 10-6 Scm-1 since a fractional crystallization drastically reduces the conductivity.15 Additionally, active damage control of LiCoO2 films is very important during sputter deposition of the Li3PO4 film on the LiCoO2 film, which is performed by substrate bias control,15 otherwise the LiCoO2-Li3PO4 interface resistance becomes large, and in the worst case the LiCoO2 film cathodes are overcharged or overdischarged by sputtering plasma bias, resulting in losing the cathode activity. The anode Li metal films is formed in high crystallinity at high deposition rate of ca. 10 nm s-1 with elevated temperature as high as 100 °C.16 High-rate deposition avoids depositing impurities contained in the residual gas, and the substrate heating enhances the crystallinity of Li films since the melting point of Li metal is so low as 180 °C. Details of Li3PO4 sputtering and Li deposition can be found in the published papers.15,16

2.3 Performance of epitaxial LiCoO2 cathode thin film batteries

  Constructed TFBs are evaluated in Ar filled airtight containers. A charging and discharging C-rates are defined based on the theoretical capacity of 137 mAh g-1, where Li1.0CoO2 is charged up to Li0.5CoO2 at 4.2 V.17 The thin film weight is determined by the film thickness evaluated with X-ray reflectivity analyses by assuming the bulk specific gravity of LiCoO2, and/or the film weight is directly measured with an electronic balance. The electrical contact with the current collector is very important to evaluate the charge/discharge properties since the overall measurements can be seriously affected by it. However, the contact resistance cannot be easily reduced with Nb-18,19 or La-doped20 SrTiO3, because they are not metal but both semiconductors with n-type, in spite of their metal like conducting behavior. Their relatively small resistivity (ρ < 10-2 Ω cm) with the positive temperature dependence (dρ/dT > 0) originates in degenerate electrons. A low work function metal Mg is therefore utilized between the donor-doped SrTiO3 and a stainless-steel probe to avoid Schottky barrier formation with an n-type semiconductor and to make ohmic contacts with low resistance (< 1 Ω). 
  The discharging curves for the (001)- and (104)-oriented LiCoO2 cathodes are shown in Fig. 2.2a and b. Before each discharge, the TFBs are charged up to 4.2 V at 1 C-rate constant current (CC), and constant voltage (CV) charging at 4.2 V for 2 h is added to approach a full charge state. Here, it is noteworthy that Li3PO4 solid electrolyte is rather stable at long time continuous 4.2 V application. At a low-rate discharge of 0.1 C, the two TFBs show similar capacity of ca. 110 mAh g-1. However, the discharge capacity at 1000 C-rate (6.05 mA cm-2) from the (104)-oriented film is 95 mAh g-1, although that for the (001) film is as small as 10 mAh g-1. 
  The maximum C-rate acceptable in the TFB with a (104)-oriented epitaxial LiCoO2 cathode is explored both at discharging and charging. As demonstrated previously in details,21 the TFB can be discharged up to at least 10,000 C-rate (60.5 mA cm-2) preserving large discharging capacity of ca. 90 mAh g-1 in the -10 V limit of the used apparatus. The TFB can also be charged up to 1000 C (6.05 mA cm-2 charging with capacity limit) in the +10 V apparatus limit and the capacities discharged after the charging at different C-rate are nearly identical. Since the ±10 V limit of the apparatus hamper further investigation at higher-rate, we fabricated a TFB composed of a 16 nm thick (104)-oriented LiCoO2 cathode layer on a La 3 at%: SrTiO3 substrate to reduce the net capacity and to increase the C-rate at the same current, then the same measurements are performed again. Figures 2.3 indicate that the small capacity TFB can be at least discharged up to 100,000 C (99.5 mA cm-2) and charged up to 10,000 C (9.95 mA cm-2) within the apparatus range of ±10 V with preserving the capacity per weight. The cathode is considered to operate at further higher-rate.
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	Fig. 2.2 (a, b) Different C-rate discharge curves and (c, d) Nyquist plots at the first 4.2 V charged state. Cathodes are (a, c) a 105-nm-thick c-axis oriented epitaxial LiCoO2 film on 10-mm-sq. Nb 1 at%: SrTiO3 (111), and (b, d) a 99-nm-thick (104)-oriented epitaxial LiCoO2 thin film on 10-mm-dia. Nb 1 at%: SrTiO3 (100).



  Besides the enormous high-rate capability, the cathodes exhibit anomalous overpotential behavior, showing steps at the final stage of low-rate discharging (Fig. 2.2b and 2.3a). Similar overpotential steps are reported in the literature when spinel phase of cubic LiCoO2 (Fd-3m) is transformed.22 If so, a current induced phase transition is considered to happen between high temperature R-3m phase and low temperature Fd-3m phase because the step shape is affected by the discharge current. However, neither transmission electron microscopy analyses after the high-rate charge/discharge cycles, nor quasi-operando in-situ X-ray diffraction analyses23 show clear differences in the LiCoO2 structure, which may indicate that the transformation is temporal, or there is other explanation such as relating to the following p-n junction.
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	Fig. 2.3 Different C-rate (a) discharge and (b) charge curves for a TFB composed of 16-nm-thick (104)-oriented epitaxial LiCoO2 cathode grown on 10-mm-dia. La 3 at%: SrTiO3 (100). 1 C-rate discharge curves after each charging are added in (b). The vertical dashed lines in each panel indicate the SOC where the overpotential is evaluated; (a) 10 mAh g-1 discharge and (b) 99 mAh g-1 charge, corresponding to -10 mAh g-1 from the full charge sate.



  Meanwhile, coexistence of significantly large overpotential during high-rate discharge and little decrease in discharge capacity is incomprehensible. To consider this behavior, the controlled current densities of discharge (negative values) and charge (positive value) are plotted as a function of the overpotential induced by the current flow in Fig 2.4a. The cell voltage values under various C-rates are compared at the same state of charge (SOC) indicated by the vertical dotted lines in Fig. 2.3 and 2.5c, i.e., -10 mAh g-1 from the full charge state. The overpotentials are calculated by subtracting the cell voltage under 0.1 C current flow from those under the various C-rates. According to Fig. 2.4a an abrupt increase of absolute current occurs at the discharge side when the overpotential becomes more negative than c.a. -1 V, i.e., clear rectifying characteristics are revealed.
  Although LiCoO2 is a semiconductor with p-type,24 Nb- and La-doped SrTiO3 are n-type semiconductors, i.e., the interface between the cathode and the current collector behaves as a p-n junction. During discharging Li+ ions flow into the Li1-xCoO2 cathode from the Li3PO4 solid electrolyte, and electrons simultaneously flow from the opposite side donor-doped SrTiO3 into the Li1-xCoO2 cathode to maintain charge neutrality (Fig. 2.4b, left). This electron flowing direction is so-called “forward direction” in the p-n junction, where the diffusion current increases sharply when the applied voltage goes beyond a built-in potential (Vbi). Here, it should be considered that the ionic resistance of the Li3PO4 limits the diffusion current. On the other hand, current should not flow through the p-n junction in the “reverse direction” (Fig. 2.4b, right). However, in the case of Nb 1 at%: SrTiO3 the current flows a little bit through the depletion layer at overpotentials higher than 0 V (Fig. 2.4a, circle symbols). Since most oxide semiconductors are not perfect, unlike Si or GaAs, the leaking recombination current is noticeable caused by the crystal defects originated from the oxygen deficiency, cationic non-stoichiometry, impurities, and so on.
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	Fig. 2.4 (a) The current density plot as a function of overpotential for various TFBs with (104)-oriented LiCoO2 cathodes. Discharge data for LiCoO2 cathode contacted with Pt (Fig. 2.5c) are added. The inset shows the entire data points, and each LiCoO2 film thickness is written at the end in the legends. (b) Informative illustration of Li+ and e- flowing directions at discharging and charging.



  Almost the same rectifying behaviors are appeared in the forward direction when La 3 at%: SrTiO3 substrates are utilized in place of Nb 1 at%: SrTiO3, but a sharp current increase takes place similarly in the reverse direction (Fig. 2.4a, triangle symbols). The density of electron carrier in SrTiO3 coincides with the doped donor density where Sr2+ and Ti4+ are replaced with La3+ and Nb5+, respectively18-20 as far as oxygen deficiency is negligible. It means that the carrier density in La 3 at%: SrTiO3 is threefold higher than that in Nb 1 at% (1020 cm-3 order). It is known that the depletion layer thickness is related to the carrier density, the higher the carrier density the thinner the depletion layer. When a bias is applied in the reverse direction to an extremely thin depletion layer, and if it is larger than the breakdown voltage, a large current flows through the depletion layer by the tunnel effect or by avalanche breakdown. The ionic resistance of the Li3PO4 limits the current here too, and the observed slope of charging current density resembles that of the discharge side. 
  The band alignment should be considered by taking into account the band gaps, inter-band levels, and work functions of the p-type LiCoO2 as well as degenerated n-type SrTiO3 to elucidate the characteristics of overall I-V curves. We believe it may also describe the anomalous step-shaped discharge curves appeared at the low C-rate (Fig. 2.2b, 2.3a).
  An AC impedance Nyquist plot of the (104)-oriented LiCoO2 cathode TFB under 4.2 V charged state (Figure 2.2d) shows a relatively large semicircle (>7 kΩ cm2), in the lower-frequency region, as well as a small semicircle in the higher-frequency region corresponding to ca. 90 Ω cm2. However, when the TFB is discharged at a high-rate (e.g., 6.05 mA cm-2, 1000 C-rate), the overpotential would go beyond 40 V if such a high resistance were present, and the discharge curves cannot be recorded within the apparatus limit of ±10 V range. Consequently, the large resistance is considered to disappear when the overpotential becomes larger than Vbi in the p-n junction during high-rate discharging, with leaving the small ionic resistance of the Li3PO4 which is unaffected by overpotential. The low-frequency large resistance is considered to be originated from the space charge layer formed by carrier depletion in the donor-doped SrTiO3 at the interface with LiCoO2. The slope of current density observed on the (100) plane of Nb 1 at%: SrTiO3 at the discharge side (Fig. 2.4a circle symbols) corresponds to 92 Ω cm2, coinciding well with the ionic resistance of the Li3PO4 layer as indicated in the inset of Fig. 2.2d. Although the lager second semicircle is similarly observed at the TFB with the (111) Nb 1 at%: SrTiO3 (Fig. 2.2c), it is much smaller as compared to the aforementioned (100) plane. When the (111) plane of donor doped SrTiO3 is used as a substrate for TFB formation, the resistance always becomes smaller as compared with the (100) plane. Although the crystal orientation dependent resistance remains a matter of research, we are considering that a different amount of Li+ diffuses into the surface region of SrTiO3 substrates depending on the crystal planes during the LiCoO2 layer formation, and the donor in the SrTiO3 substrate is deactivated at the interface with LiCoO2, since areal atomic density of SrTiO3 is higher on (111) plane as compared with (100) plane. 

2.4 Modified battery structure for ohmic contact with LiCoO2 cathode

  The p-n junction connected in series in TFBs is troublesome to evaluate net cathode performance. To overcome this issue, the battery structure of simple three-layer stacking is retrofit as shown in Fig. 2.5a. Before the Li3PO4 deposition, ~100 nm thick Pt current collector is deposited on a LiCoO2 film by DC magnetron sputtering, which is a 10 mm square film with a circular opening of 10 mm diameter, because p-type semiconductor LiCoO2 can make ohmic contact with high work function metal including Pt. 
  Here, this LiCoO2 (104) epitaxial film is grown by RF magnetron sputtering instead of PLD. As detailed elsewhere,15,23 the sputtering is superior to PLD in terms of higher and stable deposition rate, and wide area deposition capability when a large-sized cathode is used. Indeed, four ca. 1.4 μm thick LiCoO2 epitaxial films can be obtained by a single 5 h deposition. In addition, the sputtering includes self-adjusting mechanism of film composition in marked contrast to PLD, and the target composition is transferred to the film with a certain degree of accuracy by performing sufficient pre-sputtering to reach equilibrium composition of the target surface. However, as describe earlier in the Li3PO4 formation part, a film underneath the depositing film can be damaged by plasma bias unless the substrate bias is controlled.15 Because the LiCoO2 films are sputter deposited without substrate bias control, Nb 1 at%: SrTiO3 substrates underneath the LiCoO2 film becomes highly resistive and loses the current collector function, probably due to Li+ injection into Nb-doped SrTiO3 at the LiCoO2 interface by the plasma bias. Insertion of the Pt current collector is therefore indispensable to functionalize the sputter deposited LiCoO2 cathode on donor doped SrTiO3 substrate in TFBs. As a secondary effect, the Pt current collector enables us to use insulative substrates, and we have fabricated TFBs on sapphire c-plane substrates with sputter deposited (001) oriented epitaxial LiCoO2 for in-situ XRD measurements.23 Although the Pt contact area is limited to the outer part of the LiCoO2 cathode as shown in Fig. 2.5a, the battery operates properly once the LiCoO2 is charged due to its high electron conductivity. We have also confirmed this with a TFB on 2” diameter sapphire substrate, where the Pt current collector has a circular opening of as large as 47 mm diameter.
	c)
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	Fig. 2.5 (a) Retrofit TFB device structure with Pt current collector, (b) AC impedance Nyquist plots at the first 4.2 V charged state where the top x-axis is areal resistance calculated with an 8.5 mm diameter Li anode, and (c) discharge curves for different C-rates. The dashed lines in (c) indicate the SOC where the overpotential is estimated; 10 mAh g-1 discharge from the fully charged state.



  The TFB is charged at 1 C-rate CC up to 4.2 V followed by CV charging at 4.2 V for 1 h before each discharge. Figure 2.5b shows a Nyquist plot at 4.2 V charged state. A semicircle is originated from the resistance of Li3PO4, and the large second semi-circle observed in Fig. 2.2d is missing. This fact proves that the second semi-circle observed on the TFB without the Pt current collector is related to the p-n junction resistance. Furthermore, it is striking that the interface resistance between Li anode and Li3PO4, or Li3PO4 and LiCoO2 cathode is not clearly observed, which is different from the previously reported results.25,26 Although the LiCoO2 cathode layer is relatively thick, the battery shows rather high-rate capability. A capacity of low-rate discharge with 0.1 C (7.69 µA) is 108 mAhg-1, while a capacity of high-rate discharge at 100 C (7.69 mA) is 60 mAhg-1, maintaining > 55 % of the low-rate capacity. The overpotential (IR drop) at the 7.69 mA discharge is 1.37 V (Fig. 2.5c) and thus R becomes 178 Ω. The resistance of Li3PO4 in Fig. 2.5b is 179 Ω, almost the same value, i.e. no other resistance exists. The current induced overpotential data points plotted in Fig. 2.4a draw a straight line from the origin, showing doubtless ohmic contact. 
  The anomalous step-shaped overpotential observed at the end of low-rate discharge curves in Fig. 2.2b is also absent in Fig. 2.5c, suggesting that the anomalies are not related to the aforementioned phase transition, but they link to electron-hall transport property at the p-n junction. The same results are obtained in TFBs composed of PLD grown LiCoO2 cathodes with Pt current collectors as well.

2.5 Conclusions 

  TFBs in this study clearly demonstrate anisotropic Li ion diffusion in LiCoO2. The (104)-oriented LiCoO2 cathodes exhibit much higher rate capability as compared to the c-axis oriented ones, because the diffusion channels in (104)-oriented films are tilted but directly connected to the solid electrolyte, enabling smooth Li ion transport across the cathode/electrolyte interface, whereas the diffusion channels in c-axis oriented film are parallel to the solid electrolyte and obstructed by the CoO2 planes in the TFBs. High crystallinity epitaxial LiCoO2 films realize this obvious difference. 
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