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Abstract of Thesis

Natural diamond consists of 98.9% 2C and 1.1% !3C. Anthony et al reported that the diamond thermal
conductivity at room temperature is enhanced by nearly 50% by decreasing the 3C ratio to 0.1%, indicating that
the phonon properties of diamond can be further improved with controlling the isotope content. Recent progress in
the chemical vapor deposition technique has allowed fabrication of high-purity diamond thin films by precisely
controlling their isotope ratio. In addition, 2C/13C diamond superlattices have also been synthesized and some
special properties have been found: Watanabe et al discovered that 12C/13C superlattice diamond thin films
exhibit special electrical property, which cannot be explained by individual monolayer characteristics. I consider
that the phonon properties are also undiscovered in 12C/13C superlattice diamonds. However, there are few studies
on phonon propagation in isotope-controlled diamonds and none on phonon propagation in isotopic superlattice
diamonds. Importantly, phonon properties of a superlattice are difficult to be studied because of the interfacial
defects caused by lattice mismatch. However, since the lattice mismatch between 2C and 3C layer (~0.01%) is
much smaller than that in ordinary superlattices, I expect defect-free interfaces, allowing us to compare
measurements and theory without the ambiguity caused by defects.

This study evaluates the elasticity, thermal conductivity, and ultrasonic loss of pure 12C and !3C diamond,

isotope-controlled diamond with different isotope content, and 12C/!3C superlattice diamond thin films with
different layer thicknesses. The samples were measured by picosecond ultrasound spectroscopy, which is a
pump-probe technique where ultrasonic waves penetrate thin film to reveal physical properties of material.
The measured elastic constants of all specimens are equivalent to those of single-layer diamond thin films. The
measured ultrasonic loss of superlattice diamonds are extremely small. These results confirm the success in
synthesizing superlattice specimens with few defects. Therefore, the phonon transport behavior is governed by
the mass difference, not the interfacial defects. The pure 12C and 3C diamonds have higher thermal conductivity
than isotope-controlled and superlattice diamonds. To explain the trend of the measured thermal conductivity, I
estimated the lattice thermal conductivity via lattice dynamics calculation, attributing the lowered thermal
conductivity to the decrease in the phonon group velocity. The trend of the calculated lattice thermal conductivity
agreed with that of the measurements, but the superlattice with 1-nm sublattice thickness showed a large
difference between them. As a possible scattering mechanism, I incorporated the mini-umklapp three-phonon
effect into my model to explain the measurements. The mini-umklapp effect normally becomes significant only at
low temperatures and negligible near room temperature. However, my results showed that this effect can be
prominent in an isotope diamond superlattice even at room temperature because of the extremely high Debye
temperature and relatively large mass difference.

The relatively large mass difference and defect-free nature of isotopic diamonds are interesting from a
solid-state physics perspective. This study may provide a stepping stone to the study of other materials.

Furthermore, this study proposed the application of a mass-loading biosensor using a diamond thin film as a
resonator. The theoretically calculated frequency sensitivity of a mass-loading biosensor is inversely proportional
to the square of the resonator thickness. Since diamond has very high in-plane strength and can be made
ultra-thin, a dramatic improvement in sensitivity is expected. I successfully measured the decrease in resonance
frequency with and without a 1 ug/mL IgG target with a 1.5-zm thick diamond resonator. Compared to
conventional QCM biosensors, the detection sensitivity is more than 1000 times higher, indicating a high

capability for sensor applications.
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