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In recent years, power electronics have been rapidly progressed owing to the improvement of Silicon
(Si)-based switching transistors. Low on-state resistances (R,,) and high break down voltages (Vr) deviceé
contribute to increase power efficiencies in those applications, thereby R,, of Si transistors have been
reduced by the fabrication technology. However, nowadays, performances of Si transistors are approaching
to its theoretical limits derived from material properties. A gallium nitride (GaN) is remarkable as a new
generation material for electron devices because it has advanced material properties such as a wide band
gap (3.39 eV) and high electron mobiiity. Aluminum gallium nitride (A1GaN)/GaN field-effect transistors
(FETs) have already demonstrated high Vg and low R, compared to values of Si theoretical limits owing
to a high electron mobility (~1500 cm?/V -s) of two-dimensional electron gases (2DEG) at the A1GaN/GaN
heterointerface. Generally, a normally-off operation with over +2 V of threshold voltage (Vy,) is required for
power switching transistors in order to ensure the safetyv of systems. Some techniques have been reported to
realize normally-off operation on AlGaN/GaN FETs such as employing a thin AlGaN layer, gate-recess
process, fluoride-based and oxygen plasma treatment, pn junction gate, annealed platinum (Pt)-based gate
metal, and a metal-insulator-semiconductor (MIS) gate structure. At most +1 V of Vy has been
demonstrated on those AlGaN/GaN-based structures because 2DEG are naturally induced at c-plane
AlGaN/GaN heterointerfaces by a polarization. While Vy>+3 V has been reported on GaN-based MIS
structures, low R, can not be expected on those structures due to its low channel mobility (z) of ~100
cm?/V-s. Therefore, there is a trade-off between high Vy, and low R, on typical c-plane A1GaN/GaN FETs.

In this thesis, non-polar m-plane AlGaN/GaN FETs are studied toward normally-off type
AlGaN/GaN FETs with high Vi, and low R,,. A device design, crystal growth, device fabrication and device
characteristics of m-plane AIGaN/GaN FETs are described.

In Chapter 3, band structures and carrier profiles of AlIGaN/GaN heterostructures were calculated by
a self-consistent Schrodinger-Poisson solver. m-plane AlIGaN/GaN heterostructures showed dP/g V higher
Vi compared to the value of c-plane AIGaN/GaN héterostructures because m-plane GaN has no polarization.

Here, d, P, and &are an AlGaN thickness, polarization charge, and electric permittivity, respectively. 2DEG




at a m-plane A1GaN/GaN heterointerface was induced by an impurity doping to an AlGaN barrier layer.
Recessed-MIS structure normally-off type m-plane AlGaN/GaN FETs with a Vg=+2 V and R,,=0.33 Q- mm
were designed. |

In Chapter 4, a crystal growth of m-plane AIGaN/GaN heterostructures, characteristics of 2DEG, and
normally-on type m-plane AlGaN/GaN FETs were discussed. m-plane AlGaN/GaN heterostructures were
grown by a metal organic chemical vapor deposition on m-plane GaN substrates which have a 1 ° off-angle
toward [OOOT] direction. An iron-doped GaN layer was used as a semi-insulating layer that isolating a
2DEG channel from a conductive substrate. Si 8-doping of an AlGaN barrier layer was carried out to
introduce 2DEG at the A1GaN/GaN heterointerface. A 2DEG mobility (t6pgg) of 782 cm?/V-s and a carrier )
concentration of 3x10' c‘m'2 were obtained on m-plane AlGaN/GaN heterostructures. Some reasons of

lower znpeg are considered as an interface roughness of m-plane AlGaN/GaN, ionized impurity scattering
from 8-doped and iron-doped layers. Specific ohmic contact resistances (Roy) of 2.2 Q-mm were obtained
by titanium/Al/nickel(Ni)/gold stacks following by an annealing at 870 °C for 30 s in a nitrogen ambient.
Normally-on type m-plane A1GaN/GaN FETs with a Ni Schottky gate metal demonstrated a R,,=16.6 Q-
mm at a gate-source voltage (Vg)=+1 V, maximum transconductance (gmmax)=77 mS/mm at Ve=-1.2'V,
Va=-2.7V, and channel mobility (i4,)=161 cm*/V -s.

In Chapter 5, normally-off type m-plane AlGaN/GaN FETs were discussed. MIS structure m-plane
unintentionally-doped AlGaN/GaN FETs were demonstrated with a normally-off operation of a R,,=21.6 Q
‘mm at Ves=t5 V, gmmax=38 mS/mm at Vg=+2.5 V, and Vy=+1.4 V. Higher Vth compared to the value of
c-plane AlIGaN/GaN devices were achieved by using m-plane AlGaN/GaN structures owing to having no
polarization. R,, were reduced to 0.25 Q-mm from 2.2 Q-mm by using selective regrown n'-GaN contact
layers which have 10" cm™ of carrier concentrations.

In Chapter 6, recessed-MIS structure normally-off type m-plane AlGaN/GaN FETs were discussed.
Gate dielectrics of a silicon nitride (SiyNy) deposited by a plasma-enhanced chemical vapor deposition and
aluminum oxide (Al,O3) deposited by an atomic layer deposition were compared. Devices with the Al,O3
gate dielectric showed Vy=+2.2 V énd Han=61 cm?/V s which are better values than one of devices with the
SiyNy gate dielectric. It is presumably attributed to lower interface state density (Dy) of Al,Os/m-plane
AlGaN interface. Devices with a Pt gate metal and Al,O5 gate dielectric were demonstrated with a Vy=+3 V,
R=17 Q- mm, and ;=101 cm?/V-s. However, those values were degraded from designed values of
Va=+2V and R,,=0.33 Q-mm in the chapter 3. Differences of those values are owing to the hysteresis and
lower f4y, caused by Dy of an Al,Os/m-plane A1GaN MIS interface.

In conclusion, = normally-off type AlGaN/GaN FETs with Vy>+2 V were demonstrated by using a
m-plane GaN. The result indicates m-plane GaN has the potential for normally-off type GaN-based power

switching transistors.




