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研究成果の概要（和文）：大面積の単結晶ダイヤモンドウェーハ不足の為に、ダイヤモンド電子デバイスのダウ
ンスケーリングに必要がある。本研究では、水素終端ダイヤモンドトリプルゲート金属-酸化物-半導体電界効果
トランジスタ(MOSFET)を開発した。デバイスの電気的特性は、同一基板上に同時に製造されるプレーナ型MOSFET
と比較される。トリプルゲートMOSFETの出力電流は、プレーナ型デバイスよりはるかに高く、オン/オフ比とサ
ブスレッショルドスイングは10e8以上と110mV/decである。これらのダイヤモンドトリプルゲート電界効果トラ
ンジスタは、ダイヤモンド電子デバイスを実際応用に向けて推進することがある。

研究成果の概要（英文）：Excellent physical properties of semiconductor diamond make it a promising 
candidate for high-power and high-frequency electronic device. However, lack of large-area 
single-crystal diamond wafers hinders electronic devices for practical applications. This issue 
leads us to downscale diamond electronic devices. Triple-gate metal-oxide-semiconductor field-effect
 transistor (MOSFET) architecture offers a way to extend device downscaling and increase device 
output current. Here, we design and fabricate a hydrogenated diamond (H-diamond) triple-gate MOSFET.
 The triple-gate MOSFET’s output current is much higher than that of the planar-type device, and 
the on/off ratio and subthreshold swing are more than 10e8 and as low as 110 mV/dec, respectively. 
The fabrication of these H-diamond triple-gate MOSFETs will drive diamond electronic device 
development forward towards practical applications.

研究分野：電子デバイス・電子機器

キーワード： ダイヤモンド　電界効果トランジスタ　MOSFET
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１．研究開始当初の背景 

    It is well-known that wide bandgap 
semiconductors such as GaN, SiC, and diamond 
are suitable to replace silicon partly for 
fabrication of high-power and high-frequency 
electronic devices because of their large band-gap 
energies, high carrier mobility, and high 
breakdown field. According to figure of merit, 
diamond-based electronic devices have the largest 
power-frequency product, the highest thermal 
limitation, and the lowest power-loss at high 
frequency. Therefore, it is promising to fabricate 
high-performance diamond electronic devices for 
practical applications. Recently, fabrication of 
diamond metal-oxide-semiconductor field-effect 
transistors (MOSFETs) has been developed 
greatly. Most of them have been fabricated on 
hydrogenated-diamond (H-diamond) epitaxial 
layers. In our previous studies, planar-type and 
T-type H-diamond MOSFETs have been 
fabricated successfully. However, it is difficult to 
further increase its current output. Since the 
triple-gate fin-type diamond MOSFET is believed 
to generate several times higher current output 
than that of planar-type or T-type one. We 
propose to fabricate it in this project. 

２．研究の目的 

  In this project, we propose to fabricate a novel 
triple-gate fin-type H-diamond MOSFET. The 
current output of it is considered to be several 
times higher than those of the planar-type and 
T-type one. Additionally, the triple-gate fin-type 
H-diamond MOSFET has the other advantage of 
the device size scaling. The fabrication of small 
size high current output triple-gate fin-type 
H-diamond MOSFET will possibly push forward 
the diamond electronic devices for the practical 
application. 

３．研究の方法 

    (1) The fin-pattern diamond was formed 
using an inductively-coupled plasma reactive ion 
etching (RIE) technique. The etching conditions 
were investigated and optimized. After forming 
the fin-pattern, high-quality H-diamond epitaxial 
layer was grown on the fin-pattern diamond by 
microwave plasma-enhanced chemical vapor 
deposition technique  

    (2) The H-diamond triple-gate MOSFET was 
fabricated based on a combination of electron 
beam lithography, capacitively-coupled plasma 
RIE dry-etching, electron gun evaporation, atomic 
layer deposition, sputtering, wet etching, and 
lift-off techniques.  
    (3) The surface morphology of the 
fin-pattern diamond substrate was investigated 
using scanning electron microscopy (SEM) 
system. Transmission electron microscopy (TEM) 
measurements were performed using the 
JEM-2100F system with an accelerating voltage 
of 200 kV. Electrical properties of the MOSFETs 
were measured using an MX-200/B prober and a 

B1500A parameter analyser (Agilent, Tokyo, 
Japan).  

４．研究成果 

(1) Surface and interface morphologies  
    Figure 1 shows SEM [Figs. 1(a), 1(b), and 
1(c)] images of the fin-patterned diamond 
substrate and triple-gate MOSFET, and TEM 
[Figs. 1(d), 1(e), 1(f), and 1(g)] images of 
interface of the triple-gate H-diamond MOSFET. 
The total width of the diamond fin pattern and the 
fin length are 100.5 and 7 µm, respectively. Both 
the fin width and the interspacing between fins 
are 500 nm. The fin height was confirmed using a 
3D-measurement laser microscope to be 500 nm. 
Obvious gate, source, and drain contacts for the 
H-diamond triple-gate MOSFET can be observed 
in Fig. 1(c). After H-diamond epitaxial layer 
growth by the MPCVD technique, the fin length 
and width increased to 7.8 µm and 600 nm, 
respectively. The interspacing between fins and 
the fin height both decreased to 400 and 340 nm, 
respectively [Fig. 1(d)]. The H-diamond epitaxial 
layer thickness is approximately 50 nm [Fig. 1(e)]. 
Fig. 1(f) shows a high-resolution TEM image for 
the zoom of the left adjacent fins in the Fig. 1 (d). 
The angle between two adjacent fins is 60°. The 
equivalent gate width (WG) for the triple-gate 
MOSFET can be calculated to be 139.6 µm. The 
ALD-Al2O3 layer thickness is approximately 27.9 
nm, which is in good agreement with the 
measurement results obtained using an 
ellipsometer system. An interfacial layer with 
thickness of around 0.6 nm exists between 
H-diamond and Al2O3 [Fig. 1(g)]. 
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Figure 1. (a) and (b) SEM images of the 
fin-patterned diamond substrate. (c) SEM image 
of the triple-gate MOSFET. (d), (e), (f), and (g) 
Interfacial TEM images of the triple-gate 
H-diamond MOSFET.  

(2) Electrical properties of triple-gate and 
planar-type MOSFETs  
    Figure 2 shows (a) and (b) drain-source 
current versus voltage (IDS-VDS) characteristics for 



the triple-gate and planar-type MOSFETs, 
respectively. The VGS is varied from −10.0 to 20.0 
V in steps of +1.0 V. The IDS for the planar-type 
MOSFET was normalized with the WG of 100.5 
µm. That for the triple-gate MOSFET was 
normalized with its equivalent WG of 139.6 µm. 
Both MOSFETs show obvious p-type channel and 
pinch-off characteristics. There are also good 
linear relationships between IDS and low VDS for 
both devices. The absolute drain-source 
maximum (IDS,max) for the triple-gate MOSFET is 
174.2 mA mm−1, which is much higher than the 
value of 45.2 mA mm−1 obtained for the 
planar-type device. The value of on-resistance 
(RON) can be extracted from the linear region of 
the IDS–VDS characteristics, and is 31.9 and 98.0 Ω 
mm for the triple-gate and planar-type MOSFETs, 
respectively. The RON for the triple-gate 
H-diamond MOSFET is composed of the fin 
pattern channel resistance beneath the Al2O3 
insulator (RCH), the fin pattern H-diamond surface 
resistance with the LS/D-G of 500 nm (2RSD), and 
the ohmic contact resistance (2RC). Because 2RC 
is much smaller than RCH and 2RSD, it can be 
neglected here. By combining the RON value of 
another two triple-gate MOSFETs with the LS/D-G 
of 1.0 and 2.0 µm, RCH and 2RSD for the 
triple-gate MOSFET can be deduced to be 23.8 
and 8.1 Ω mm, respectively. 

0 -2 -4 -6 -8 -10
0

-50

-100

-150

-200

 

 

 

 

0 -2 -4 -6 -8 -10
0

-10

-20

-30

-40

-50

 

 

 

 

I D
S

(m
A

m
m

-1
)

VGS= -10.0 Vb

I D
S

(m
A

m
m

-1
)

a VGS= -10.0 V

VDS (V)VDS (V)  
Figure 2. (a) and (b) IDS-VDS characteristics for the 
triple-gate and planar-type MOSFETs, 
respectively. The VGS is varied from –10.0 to 20.0 
V in steps of +1.0 V. 

(3) Transfer characteristics for triple-gate and 
planar-type MOSFETs.  
    The transfer characteristics that correspond 
to the IDS–VDS curves are shown in Fig. 3. The 
on/off ratio of the triple-gate MOSFET is higher 
than 108 [Fig. 3(a)], and is the same level as that 
of the planar-type device [Fig. 3(d)]. The SS is an 
important parameter for evaluation of MOSFET 
power consumption, and is defined as the inverse 
slope of log |IDS| versus VGS. The sub-threshold 
swing (SS) is 110 mV dec−1 for the triple-gate 
MOSFET at a VDS of −10.0 V [Fig. 3(a)]. This 
value is much lower than that of the planar-type 
device of 460 mV dec−1 [Fig. 3(d)]. The threshold 
voltage (VTH) values of the MOSFETs can be 

determined based on 
DSI  as functions of 

VGS, and are 10.2±0.1 and 7.6±0.1 V for the 
triple-gate and planar-type MOSFETs, 
respectively [Figs. 3(b) and 3(e)]. The extrinsic 
transconductance (gm) is determined based on the 
slope of the IDS–VGS curve. The maximum gm 
values for the triple-gate and planar-type 

MOSFETs are 15.3±0.1 and 3.8±0.1 mS mm−1, 
respectively [Figs. 3(c) and 3(f)]. 
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Figure 3. (a), (b), (c) The log |IDS|–VGS, 

DSI –VGS, and gm–VGS characteristics of the 

triple-gate MOSFET, respectively. (d), (e), (f) The 
log |IDS|–VGS, DSI –VGS, and gm–VGS 

characteristics of the planar-type MOSFET, 
respectively. 
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