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Study on Characterization and Application of
Gallium Oxide and Related Semiconductors

By Takayoshi Oshima

This thesis summarizes the study that has been conducted while the author has been in the doctoral
course of the Graduate School of Engineering in Kyoto University, and was submitted for the Doctor

of Engineering degree in Kyoto University.

In the thesis, a systematic study on a novel oxide semiconductor of GaxOs3 is presented by exploiting
its functional properties, device processes, and applications. The thesis is divided into six chapters.

In chapter 1, a brief introduction of oxides and their applications are given. Especially, emphasis
is made on the importance of oxide semiconductors and their promising optical and electronic appli-
cations. In order to expand research fields concerning oxide semiconductors, a relatively unexplored
oxide semiconductor of 8-GagQOg3, which is the most stable form in the GasO3 polytypes, was focused
on as a research object. After describing some characteristics and very few applications of 5-GagOs3,
the purpose of the study is described as to explore new features, and device-fabrication processes of
B-Gag O3 for useful 5-GasOgz-based devices.

In chapter 2, after describing the molecular beam epitaxy (MBE) system used in this study,
properties of GazO3 thin films grown on c-plane sapphire substrates and photodetectors using them
are shown and discussed. Through an optimization of growth conditions, almost single (201)-oriented
B-Gay O3 films were obtained. However, an in-plane X-ray diffraction technique found that even the
optimized film had two-fold rotational domains and a-GasQO3 phase, which is one of the metastable
phases of GasO3. These polycrystalline problems have their origin in a corundum structure of c-
plane sapphire substrate. The optimized film showed a bandgap of 5.0 eV and can be applied in the
deep ultraviolet photodetector. The fabricated photodetector using comb electrodes showed 254-nm
light detection from a low pressure mercury lamp almost without responding to 300—400-nm light
from a black lamp.

In chapter 3, properties of 5-GayO3 (100) single crystal substrates are investigated, and useful
device processes for the substrates are invented. The substrates showed good electrical conductivity;
the carrier concentration and the mobility were 1017108 cm ™3 and 40-100 cm?V ~!s~1, respectively.
Two strong cleavage planes were confirmed, one is along (100) and the other is along (001). The
optical bandgap was 4.8 eV which corresponds to the wavelength of approximately 260 nm. The
substrate also had absorption coefficients in the 10° cm ™! range for 260 nm and shorter wavelength.
These optical properties mean that 8-GazO3 has solar-blind photosensitivity and may be applied
to solar-blind photodetectors. Thermal annealing is very useful for the device processes. Ohmic In
electrodes were obtained by the thermal annealing at 800°C or higher temperatures in both oxygen
or nitrogen atmospheres. Clear step edges and flat terraces were made with the annealing process at
approximately 1000°C in the oxygen atmosphere. Thermal annealing at this condition also formed
a semi-insulating layer beneath the surface because of the reduction of oxygen vacancies working

as donors, which was clarified by the double Schottky capacitance-voltage (C-V') measurement.



This measurement was also effective to understand their band diagrams near the Schottky contacts.
From the reverse bias current-voltage characteristics and the investigation of the band diagram for
the Schottky contact on the semi-insulating layer, relatively high breakdown electric filed higher
than 2.2 MV /cm was revealed. This high resistance properties against the large electric field may
lead to 5-GasOs-based power devices such as power diodes and power hetero-junction field-effect
transistors (HJFETs). Wet etching for 5-GayO3 substrates was also tried and succeeded using
phosphoric acid. The etching rate were several-several hundreds nm/min at 100-200°C, and several
pm order patterns can be made.

In chapter 4, solar-blind photodetectors using 8-GaoOg3 substrates are discussed. The technical
term of solar-blind means the region of wavelength less than 280 nm, where sun and room lights can-
not exist but flame and low pressure mercury lamp (using for sterilization) lights exist. The photode-
tector was fabricated without using epitaxy and vacuum processes. Instead, a 8-GasOs substrate
was thermally annealed at 1100 °C in oxygen atmosphere for 2 h, which simultaneously formed In
ohmic electrodes, flat surfaces, and a semi-insulating layer of aroud 400 nm. From the calculation
using absorption coefficient, almost all solar-blind light was absorbed in this layer. A transparent
conductive polymer of PEDOT-PSS was spin-coated onto the surface. The 80-nm PEDOT-PSS film
had high transparency of over 90% at a short wavelength of 250 nm and conductivity of 250 S/cm,
and worked as a Schottky contact. The detector exhibited solar-blind photosensitivity at a zero bias
condition, and the rejection ratio of 250 nm to 300 nm was 1.5x10%. The external quantum efficiency
was 18% at 250 nm. Both rise and fall times of the detector were 9 ms. These characteristics enable
flame detection, and for this purpose the detector was mounted in a simple current multiplication
system. The flame detection was successfully demonstrated under strong room light illumination.
In other words, the detector distinguished nW /cm? order solar-blind light under room illumination.
On the other hand, the photodetector using an Au Schottky electrode showed strong durability for
strong 254 nm light (40 mW /cm?) from a low pressure mercury lamp. These results support the idea
of B-GagO3s-based solar-blind photodetectors for monitoring flames or low pressure mercury lamps.

In chapter 5, thin films growth of 5-GasO3 and B-Als,Gas_5,03 on [-GasOsz substrates by
MBE is described. Homoepitaxial step-flow growth of 3-GasO3 was achieved at 700°C under higher
temperatures and a wide rage of Ga beam equivalent pressures. However, the surface structures
exhibited anisotropy and some bunching of steps. The comparatively easiness of the step-flow growth
and the surface anisotropy were attributed to (100) and (001) cleavage planes, respectively. In
the B-Aly, Gag 2,03 growth, since the crystal structures of 5-Gay;O3z and Al,Oz differ from each
other, single crystalline films were obtained up to x = 0.61. In contrast, step-flow growth was
succeeded up to x = 0.39. An X-ray reciprocal space mapping scan showed that the film with the
highest Al content (x = 0.61) was grown almost coherently. This coherent growth is essential for
high performance hetero devices. Moreover, the existence of energy barrier at the hetero interface
between (§-Als,Gas_2,03 (x = 0.29) and GaO3 was confirmed by the normal C-V measurement
that showed the carrier accumulation phenomenon. Although the further studies are necessary, these
results and a large breakdown electric filed lead to the idea of 5-GasO3-based power HIJFETSs.

In chapter 6, this thesis is summarized and suggestions for further works are given.
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