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Thesis Summary

In quantum communication, three core components are essential: single-photon sources that function as
qubits, quantum memories that are indispensable for quantum repeaters, and single-photon detectors
that enable the final evaluation of quantum states. To further increase the information transmission
density, it is crucial to shorten the temporal width of optical pulses constituting qubits. Although
femtosecond single-photon sources with THz-wide spectral bandwidths have not yet been realized. In
addition, the temporal resolution of conventional single-photon detectors is typically limited to the
picosecond range, making direct measurement of quantum signals in the femtosecond regime extremely
challenging. In this study, a quantum memory capable of storing femtosecond quantum signals is
developed by combining photon echo (PE) techniques with a strain compensated self-assembled InAs
quantum dots (QDs). Furthermore, a single-photon detector based on frequency up-conversion is
developed, enabling quantum state measurements with femtosecond temporal resolution.

This thesis consists of nine chapters. Chapter 1 introduces the research background of quantum
memories and single-photon detectors and outlines the objectives of this study. Chapter 2 reviews the
fundamental concepts of the quantum nature of light and time-bin qubits. Chapter 3 describes the
interaction between light and two-level systems, the principles of PE techniques, and their applications
to quantum memories. Chapter 4 presents the structural and optical properties of the self-assembled
InAs QDs used in this study, discusses challenges in PE generation, and explains the principle of
adiabatic rapid passage (ARP) as a method for achieving robust coherent control. Chapter 5 reports
experimental and numerical results on PE generation in the QDs and demonstrates that ARP-based
robust quantum control enables PE signal enhancement comparable to that achieved in
rare-earth-ion-doped systems, even in THz-inhomogeneous ensembles. Chapter 6 describes the
principles and performance metrics of a frequency up-conversion single-photon detector (UCSPD)
designed for measuring femtosecond PE signals. Chapter 7 quantitatively evaluates the detection
performance of UCSPD, presents design guidelines for time-resolved detection, and demonstrates the
evaluation of femtosecond time-bin qubits. Chapter 8 integrates the techniques developed in the
preceding chapters to measure time-bin signals stored in the QDs using the UCSPD, demonstrating the
preservation of phase information encoded in the time-bin signals prior to storage. Finally, Chapter 9

summarizes the results of this study and discusses future research perspectives.




