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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/HfOg,
LaAlOs/Al:03 Ta20s/Al03, and ZrO2/Al203, TiO/Al203,
and AIN/AIOs 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 1012-10'® cm. Notably, after the H-di-
amond is exposed to a NO, ambient or annealed in a NHz+H;
ambient, the hole density increased to a value as high as 104
cm? [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
(MOSFETSs) 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 SiO; [1], CaF. [2],
and Al,Oj3 [3] have been deposited on the H-diamond layer
for MOSFETSs. The current output of Al,Os; on the NO»-
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 (10* cm) 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-HfO,/ALD-HfO, [6], SD-LaAlOs/ALD-AIlLOs [7] SD-
Ta,0s/ALDAIO; [8], SD-ZrO,/ALD-Al,Oz [9], and SD-
TiO,/ ALD-AIO3 [10] layers have been deposited on H-dia-
mond for the MOSFETSs. All of these MOSFETSs 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 1. The SD-TiO,/ALD-AIl,Os/H-diamond and SD-
LaAlOs/ALD-Al,Os/H-diamond MOS capacitors show the
highest and lowest leakage current densities of 7.3x10°A cm
2 and 6.9x10°A cm?, respectively. The J value of the ALD-
TiO./ALD-AIl;O3/H-diamond MOS capacitor is approxi-
mately 2.1x105A cm?, which is lower than the corresponding
values for the SD-ZrO,/ALD-Al,Os/H-diamond [9], SD-
Ta,0s/ALD-AI,O3/H-diamond [8], and SDTiO2/ALD-Al;0s
/H-diamond MOS capacitors. Although the SD-LaAlOs;
/ALD-AI,0s/H-diamond [7], ALD-AIl,Os/H-diamond [11],
and SD-HfO,/ALD-HfO,/H-diamond [6] MOS capacitors
show lower leakage current densities than that of the ALD-
TiO2/ALD-AIl>,O3/H-diamond MOS capacitor, the Crax and k
values of these capacitors are all lower than 0.26 uF/cm? and
9.4, respectively. Among the various MOS capacitors, the
ALD-TiOy/ALD-Al,Os/H-diamond device has the highest
values of Crax and k.

Figure 1(b) summarized the log |lps|-Ves characteristics
of the MOSFETSs with different oxide insulators [6-11]. Since
there are no interspacing between source/drain and gate, the
on-resistances for the SD-ZrO,/ALD-Al,Os/H-diamond [9]
and SD-Ta;0s/ALD-AIl,Os/H-diamond [8] MOSFETs are
much lower than other insulator/H-diamond MOSFETS,
which leads to their higher Ips max. However, the on/off ratios
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for them are much lower than other MOSFETS. In our previ-
ous studies, we first demonstrated the fabrication of H-dia-
mond MOSFETSs with enhancement mode characteristics [6,
7]. There are two necessary conditions required to achieve
enhancement mode characteristics for these H-diamond
MOSFETSs, 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-AIl,Os/H-di-
amond [7]. SD-HfO,/ALDHfO,/ H-diamond [6], and SD-
TiO2/ALD-AIl;O3/H-diamond MOSFETSs operate with en-
hancement mode characteristics. Otherwise, due to the lack
of annealing process or bilayer oxide insulator structure, the
SD-Ta;0s/ALD-Al,O3/H-diamond [8], SD-ZrO,/ALD-Al,O3
/H-diamond [9], and ALD-AI,Os/H-diamond MOSFETS op-
erate with depletion mode characteristics. In this study, we
have fabricated an ALD-TiOx/ALD-AIl,Os/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
MOSFETSs operate with enhancement mode characteristics.
Among different insulator/H-diamond MOSFETS, the SS for
the ALD-TiO2/ALD-AIl,O3/H-diamond MOSFET is the low-
est. The ALD-AI,Os/H-diamond and ALD-TiO2/ALD-AIl>O3
/H-diamond MOSFETSs show lower Dj than other SD-insula-
tor/ALD-insulator/H-diamond MOSFETSs. 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 Di.
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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 |lps|-Ves characteristics of the MOSFETSs with different oxide insulators.

Table I. Summary of electrical properties for the H-diamond MOS capacitors and MOSFETSs 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.

Material SD-LaAlO, ALD-ALO, SD-H{fO, ALD-TiO, SD-Zr0, SD-Tay0s SD-Ti0,
Buffer layer ALD-ALO; ALD-HfO, ALD-ALO; ALD-ALO; ALD-ALO; ALD-ALO,
J(Aem™?) 6.9 1077 111077 84x 1077 2.1 %10°° 1.0 x 107* 7.6x10°* 73x107?
Conax (WF cm ™) 0.26 0.19 0.24 0.83 031 0.40 0.73

k 9.1 54 9.4 272 12.8 12.7 22.5
Ins max (MA mm ") -175 -22.8 —24.9 ~11.6 —224.1 —94.3 —12.1
On/off 2.1x10° =9.1 % 10° 6.6 x 10° 83x 10° 40 % 10* 1.7 x 10° 1.0 % 107
Vi (V) ~36+0.1 3.8 +0.1 ~1.3%0.1 ~0.8+0.1 1.4 % 0.1 1.3 +0.1 0.9+ 0.1
88 (mV dec ") 220 138 195 79 206 244 115
D, eV 'em ) 238 % 10" 1.58 x 10" 3.44 % 10 1.74 % 102 1481 % 10" 781 % 10" 4.30 x 10"
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