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Abstract 

Diamond is a candidate material for next-generation 
power electronics and integrated circuit which operate 
under extreme environment. In order to use an advantage 
of high-density hole channel of hydrogenated diamond 
surface, we have developed the high-k stack gate dielec-
trics for H-diamond MOSFETs, such as HfO2/HfO2, 
LaAlO3/Al2O3 Ta2O5/Al2O3, and ZrO2/Al2O3, TiO2/Al2O3, 
and AlN/Al2O3 prepared by a combination of sputter-dep-
osition (SD) and atomic layer deposition (ALD) tech-
niques. 
 
1. Introduction 

Semiconductor diamond has long been studied for appli-
cations in high-power and high-frequency electronic devices 
because it offers wide bandgap energy, high breakdown field, 
high carrier mobility, and high thermal conductivity. How-
ever, diamond electronic device development has been lim-
ited by the low free carrier density that occurs in diamond at 
room temperature because of high activation energies of do-
pants. Fortunately, hydrogenated diamond (H-diamond) can 
accumulate two-dimensional hole gases on its surface with a 
sheet hole density of 1012–1013 cm-2. Notably, after the H-di-
amond is exposed to a NO2 ambient or annealed in a NH3+H2 
ambient, the hole density increased to a value as high as 1014 
cm-2 [4,5]. The H-diamond is therefore considered to be a 
promising channel layer for high performance diamond elec-
tronic device fabrication. Recently, high-performance H-dia-
mond-based metal-semiconductor field-effect transistors 
(MESFETs) and metal-oxide-semiconductor FETs 
(MOSFETs) have been fabricated. Because insulating pas-
sivation layers are present between the gate metals and the H-
diamond channel layers, the leakage current densities of the 
resulting MOSFETs are lower than those of the MESFETs. 

Several insulating materials, including SiO2 [1], CaF2 [2], 
and Al2O3 [3] have been deposited on the H-diamond layer 
for MOSFETs. The current output of Al2O3 on the NO2-
treated H-diamond channel layer was reported to be as high 
as 1.35A/mm [4]. Recently, to response a high H-diamond 
channel hole density (1014 cm-2) under a small applied elec-
trical field, we have developed high-k insulators on H-dia-
mond for both MOS capacitors and MOSFETs [6–11]. In this 
talk, we will review our work for developing oxide and nitride 
gated H-diamond MOSFETs using high-quality diamond epi-
layer grown by a microwave-plasma chemical deposition 
technique. 
 
2. Results and Summary 

The high-k insulators, which have a bilayer structure, 
were deposited by radio-frequency (RF) sputter deposition 
(SD) and atomic layer deposition (ALD) techniques. The thin 
ALD-insulator layer was deposited as a buffer layer to protect 
the hydrogen surface from an SD plasma discharge damage 
during SD insulator deposition on the H-diamond surface. 
SD-HfO2/ALD-HfO2 [6], SD-LaAlO3/ALD-Al2O3 [7] SD-
Ta2O5/ALDAl2O3 [8], SD-ZrO2/ALD-Al2O3 [9], and SD-
TiO2/ ALD-Al2O3 [10] layers have been deposited on H-dia-
mond for the MOSFETs. All of these MOSFETs showed 
good operating performance with distinct pinch-off charac-
teristics.  

Figure 1(a) shows J as a function of the electric field for 
H-diamond MOS capacitors with the different oxide insula-
tors as dielectric layers. The electric field is determined by 
dividing the gate voltage by the insulator thickness [6–11]. It 
was observed that the J values of MOS capacitors at 1.5 
MV/cm and 1.5 MV/cm are different. The asymmetry of J is 
possibly attributed to work function difference between gate 
metal and H-diamond channel layer, accumulation of holes at 
the oxide/H-diamond interface, and trapped charges in the 
metal/oxide/H-diamond structures. The J values for the MOS 
capacitors at an electric field of 1.5 MV/cm are summarized 
in Table I. The SD-TiO2/ALD-Al2O3/H-diamond and SD-
LaAlO3/ALD-Al2O3/H-diamond MOS capacitors show the 
highest and lowest leakage current densities of 7.3x10-3A cm-

2 and 6.9x10-9A cm-2, respectively. The J value of the ALD-
TiO2/ALD-Al2O3/H-diamond MOS capacitor is approxi-
mately 2.1x10-5A cm-2, which is lower than the corresponding 
values for the SD-ZrO2/ALD-Al2O3/H-diamond [9], SD-
Ta2O5/ALD-Al2O3/H-diamond [8], and SDTiO2/ALD-Al2O3 
/H-diamond MOS capacitors. Although the SD-LaAlO3 
/ALD-Al2O3/H-diamond [7], ALD-Al2O3/H-diamond [11], 
and SD-HfO2/ALD-HfO2/H-diamond [6] MOS capacitors 
show lower leakage current densities than that of the ALD-
TiO2/ALD-Al2O3/H-diamond MOS capacitor, the Cmax and k 
values of these capacitors are all lower than 0.26 µF/cm2 and 
9.4, respectively. Among the various MOS capacitors, the 
ALD-TiO2/ALD-Al2O3/H-diamond device has the highest 
values of Cmax and k. 

Figure 1(b) summarized the log |IDS|-VGS characteristics 
of the MOSFETs with different oxide insulators [6–11]. Since 
there are no interspacing between source/drain and gate, the 
on-resistances for the SD-ZrO2/ALD-Al2O3/H-diamond [9] 
and SD-Ta2O5/ALD-Al2O3/H-diamond [8] MOSFETs are 
much lower than other insulator/H-diamond MOSFETs, 
which leads to their higher IDS,max. However, the on/off ratios 

 E-7-01 (Invited) Extended Abstracts of the 2018 International Conference on Solid State Devices and Materials, Tokyo, 2018, pp359-360

- 359 -



for them are much lower than other MOSFETs. In our previ-
ous studies, we first demonstrated the fabrication of H-dia-
mond MOSFETs with enhancement mode characteristics [6, 
7]. There are two necessary conditions required to achieve 
enhancement mode characteristics for these H-diamond 
MOSFETs, which are annealing of the MOSFETs in the 180–
300 C range and use of SD-insulator/ALD-insulator bilayer 
structures [11]. Therefore, the SD-LaAlO3/ALD-Al2O3/H-di-
amond [7]. SD-HfO2/ALDHfO2/ H-diamond [6], and SD-
TiO2/ALD-Al2O3/H-diamond MOSFETs operate with en-
hancement mode characteristics. Otherwise, due to the lack 
of annealing process or bilayer oxide insulator structure, the 
SD-Ta2O5/ALD-Al2O3/H-diamond [8], SD-ZrO2/ALD-Al2O3 
/H-diamond [9], and ALD-Al2O3/H-diamond MOSFETs op-
erate with depletion mode characteristics. In this study, we 
have fabricated an ALD-TiO2/ALD-Al2O3/H-diamond MOS-
FET with enhancement mode characteristics. Therefore, the 
conditions for enhancement mode H-diamond MOSFET fab-
rication can be updated. After annealing, both the SD-insula-
tor/ALD-insulator and ALD insulator/ALD-insulator bilayer 
structures on the H-diamond channel layers can make the 
MOSFETs operate with enhancement mode characteristics. 
Among different insulator/H-diamond MOSFETs, the SS for 
the ALD-TiO2/ALD-Al2O3/H-diamond MOSFET is the low-
est. The ALD-Al2O3/H-diamond and ALD-TiO2/ALD-Al2O3 
/H-diamond MOSFETs show lower Dit than other SD-insula-
tor/ALD-insulator/H-diamond MOSFETs. Therefore, during 
the deposition of SD-insulators by sputtering process, there is 
possibly some plasma damage or SD-insulator diffusion ef-
fect for the ALD-insulator/H-diamond interfaces, which leads 
to the higher Dit. 
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Fig. 1. (a) Summary of leakage current densities for the different oxide insulators on H-diamond for the MOS capacitors. (b) Summary 
of log |IDS|-VGS characteristics of the MOSFETs with different oxide insulators. 

Table I. Summary of electrical properties for the H-diamond MOS capacitors and MOSFETs with the different oxide insulators as die-
lectric layers. The J values for the MOS capacitors are the ones at an electric field of 1.5 MV/cm. 
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