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Autonomous exploration of thin-film materials

The field of materials exploration is expanding to more complex structures and elemental
compositions. Materials informatics enable us to list candidates of important materials efficiently from the
expanded chemical space. We have developed an autonomous thin-film materials exploration system by
utilizing robotics and machine learning. By repeating the automatic closed-loop cycle of thin-film synthesis,
resistance measurement, and Bayesian optimization, we could minimize or maximize the electrical
resistance. Such autonomous synthesis will drive the convergence of materials informatics and experiments
to explore a new avenue for materials exploration.
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Fig.1. Photograph of Al-robot system (a) and schematics of closed-loop process (b). Thin-film synthesis
conditions are automatically optimized by combining robot-synthesis, robot-measurement and Bayesian

optimization into the closed-loop cycle.
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Fig.2. [llustration of the closed-loop cycles for Nb-doped TiO, thin films. The dots in each figure show the
conditions and resistances of fabricated thin films, besides the number shows the experimental run number.
The curve shows the predicted curve, and the plane region indicates the Bayesian confidence intervals.
After seven autonomous cycles (a), rough shape of objective function is revealed. More detailed shape
of the function is understood, including local minimum, after twelve cycles (b). The global resistance

minimum is obtained at the fourteenth cycle(c). [8]
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Table 1. Experimental results of solid-electrolyte thin-film synthesis

Experimental Thin-film fabrication conditions )
Resistance (£2)
run No. RF1: Li;PO, (W) RF2: LAGP (W) Temperature (°C)
| 10 50 830 223 x 10°
2 80 5 620 2.66 % 10°
3 30 40 480 >1.00 x 10"
4 60 20 900 5.94 x 10°
5 50 20 340 1.42 % 10°
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Fig.3. (a) Impedance spectra measured from thin films of run No. I(square) and No. 5(circle). Semicircle
and constant resistance points are observed in the mixed ionic-¢lectronic conductor. Only the constant
resistance points are observed in the electronic conductor. (b) Cyclic voltammetry of a fabricated thin-
film battery with No.5 electrode. Voltage was swept from 0.7 to 4.2 V vs. Li/Li . Inset shows the schematic
illustration of a battery. Li metal was used as a negative electrode.
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