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Abstract. Wide-bandgap semiconductor diamond has been studied to develop high-

power, high-frequency, and high-temperature electronic devices. However, their development 

has been limited by the low free carrier density that occurs in diamond at room temperature 

because of the high activation energies of p-type boron and n-type phosphorus dopants. Fortu-

nately, hydrogen-terminated diamond (H-diamond) can accumulate two-dimensional hole gases 

on its surface with a high free carrier density. In this chapter, we review our recent progress in 

the fabrication of H-diamond metal-oxide-semiconductor (MOS) capacitors, MOS field-effect 

transistors (MOSFETs), and MOSFET logic circuits. Specifically, the leakage current densities 

for different oxide insulators on H-diamond and the capacitance-voltage properties for the 

Al2O3/H-diamond MOS capacitors are discussed. Planar-type, T-type, and triple-gate fin-type 

H-diamond MOSFETs are reviewed, and the fabrication and performance of depletion- and 

enhancement-mode H-diamond MOSFETs and logic circuits are summarized.  

Keywords: Diamond, MOS capacitors, MOSFETs, Logic Circuits. 

1. Introduction 

Semiconductor diamond has long been studied for applications in high-power, 

high-frequency, and high-temperature electronic devices because it exhibits a wide 

bandgap, high breakdown field, high carrier mobility, and high thermal conductivity 

[1, 2]. However, the development of diamond electronic devices has been limited by 

the low free carrier density that occurs in diamond at room temperature because of the 

high activation energies of the boron acceptor (370 meV) and phosphorus donor (570 

meV) [3]. Fortunately, hydrogen-terminated 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-diamond is exposed to NO2 or NH3 + H2, the hole density can 

increase to as high as 1014 cm−2 [4, 5]. H-diamond is therefore considered to be a 

promising channel layer for fabricating high-performance diamond electronic devices 

such as metal-oxide-semiconductor (MOS) capacitors [6-9], MOS field-effect transis-

tors (MOSFETs) [10-21], and MOSFET logic circuits [21-23]. 

Recently, the electrical properties of H-diamond-based MOSFETs have been 

significantly improved. Owing to the increase in hole density after treating the H-

diamond surface with NO2 gas, the maximum drain current (ID,max) of the H-diamond-

based MOSFET can be enhanced up to 1.35 A mm−1 [10]. The output power density 

of Al2O3/H-diamond-based MOSFET is approximately 3.8 W mm−1 [11]. The maxi-
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mum cut-off frequency and maximum extrinsic transconductance (gm,max) are also 

reported to be as large as 70 GHz and 206 mS mm−1, respectively [12]. H-diamond 

MOSFETs can also operate well after annealing at a high temperature of 500 °C [13] 

and at a high breakdown voltage of 3326 V [14]. Furthermore, enhancement-mode H-

diamond MOSFETs [6, 16, 20] and MOSFET logic circuits [21-23] have also been 

achieved. H-diamond-based MOSFETs are believed to be comparable to devices us-

ing other wide-bandgap semiconductors. 

In this chapter, we review our recent progress in the fabrication of H-diamond 

MOS capacitors, MOSFETs, and MOSFET logic circuits. Specifically, the leakage 

current density (J) for different oxide insulators on H-diamond and the capacitance-

voltage (C-V) properties for the Al2O3/H-diamond MOS capacitors are discussed. The 

fabrication processes and electrical properties for the planar-type, T-type, and triple-

gate fin-type H-diamond MOSFETs are reviewed. Additionally, the depletion- and 

enhancement-mode H-diamond MOSFETs are summarized, and logic circuits com-

posed of enhancement- and depletion-mode MOSFETs are demonstrated. Notably, 

other excellent works for vertical-type H-diamond MOSFETs [24], inversion channel 

diamond MOSFETs [25, 26], and boron-doped oxygen-terminated diamond 

MOSFETs [27, 28] are not included in this chapter. 

2. H-diamond MOS capacitors 

2.1 Fabrication process for H-diamond MOS capacitors 

Figure 1 shows the fabrication process for the H-diamond MOS capacitors. A 

single crystalline diamond (001) substrate with dimensions of 3.0 × 3.0 × 1.0 mm is 

cleaned in a mixed acid solution of H2SO4 + HNO3 for 3 hours at 300 °C [Fig. 1(a)]. 

Before growing the H-diamond epitaxial layer using a microwave plasma-assisted 

chemical vapor deposition (MPCVD) system (AX5200S, Seki Technotron Corp., 

Tokyo, Japan) [Fig. 1(b)], the diamond substrate is treated in the chamber at 1000 °C 

for 20 min to clean off surface contamination. The growth temperature, time, and 

chamber pressure for the H-diamond epitaxial layer are 900–940 °C, 1.5–2.0 hours, 

and 80 Torr, respectively. The H2 and CH4 flow rates are 500 and 0.5 sccm, respec-

tively. Thicknesses of the H-diamond epitaxial layers are in the range of 150–200 nm. 

After growing the H-diamond by MPCVD, two different routes are used for the fabri-

cation of H-diamond MOS capacitors. The choice of the fabrication route is based on 

the deposition temperatures of the oxide insulators. For fabricating the H-diamond 

MOS electronic devices, LOR 5A and AZ 5214E photoresists are used. Because the 

temperature limitation for the photoresist (AZ 5214E) is 140 °C, when the deposition 

temperature for the oxide insulator is lower than this temperature, the photoresists can 

be used as the mask to form the gate oxide and metal contacts first [Fig. 1(c)-1]. 

When the deposition temperature for the oxide insulator is higher than 140 °C, the 

Ohmic contacts are formed first [Fig. 1(c)-2], and then the oxide insulator is deposited 

to cover the entire surface of the sample.  

For the fabrication route with the gate oxide and metal contacts deposited first, a 

maskless laser lithography system (DL-1000, Nanosystem Solutions, Inc., Tokyo, 
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Japan) is employed to form the patterns. The LOR 5A and AZ 5214E photoresists are 

sequentially coated to cover the entire H-diamond surface. After baking at 180 and 

110 °C for 5.0 and 2.0 min, respectively, the sample is exposed using the laser lithog-

raphy system and developed in tetramethylammonium hydroxide (TMAH) solution 

for 2.0–2.5 min. The oxide insulators that have formation temperatures lower than 

150 °C are then deposited by atomic layer deposition (ALD, SUNALE R-100B, 

Picosun Altech Corp., Ltd., Tokyo, Japan), radio-frequency sputtering deposition 

(RF-SD, handmade), and electron-gun evaporation (EV, RDEB-1206K, R-DEC Co. 

Ltd., Ibaraki, Japan) systems [Fig. 1(c)-1]. The gate metal layers of Ti/Au are formed 

using the EV system. Finally, the Ohmic contacts made of Pd/Ti/Au layers are formed 

on the H-diamond [Fig. 1(d)-1]. Here, the Pd metal is in direct contact with the H-

diamond surface with a low contact resistivity [29]. The photoresists are lifted off in 

the N-methylpyrrolidone (NMP) solution at room temperature for 3.0 h. 

Alternatively, the Ohmic contacts can be deposited first. After coating, exposing, 

and developing the photoresists, the Ohmic contact layers (Pd/Ti/Au) are evaporated 

on the photoresist-free area using the EV system [Fig. 1(c)-2]. The oxide insulators 

are formed at a deposition temperature higher than 150 °C and cover the entire sur-

face of the sample [Fig. 1(d)-2]. Then, the gate metals (Ti/Au) are formed on the ox-

ide insulators [Fig. 1(e)]. Finally, the windows for accessing the Ohmic contact elec-

trodes are opened in the oxide insulator by capacitively coupled plasma reactive-ion 

etching system (CCP-RIE, SAMCO International Inc., Kyoto, Japan) using CHF3 + 

Ar [Fig. 1(f)]. The plasma power, CHF3 flow rate, and Ar flow rate are 100 W, 10 

sccm, and 40 sccm, respectively. The electrical properties are measured using an MX-

200/B prober (Vector Semiconductor Corp., Ltd., Tokyo, Japan) and a B1500A pa-

rameter analyzer (Agilent Technologies Inc., Tokyo, Japan) at room temperature 

(RT). 

2.2 Leakage current densities for H-diamond MOS capacitors 

Figures 2(a) and 2(b) show a scanning electron microscopy (SEM) image and 

schematic structure of the H-diamond MOS capacitor, respectively. The diameter of 

the circular gate electrode and interspacing between the gate and Ohmic electrodes 

are 200 and 10 μm, respectively. Figure 2(c) shows J as a function of the electric field 

for the H-diamond MOS capacitors with different oxide insulators as dielectric layers 
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Fig. 1. Fabrication process for the H-diamond MOS capacitors 
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Table 1. Summary of the J values at –1.5 MV cm−1 for the H-diamond MOS capacitors with 

the different oxide insulators as dielectric layers [8, 9, 20].  

Oxide insulator 
Formation  

technique 

Formation  

temperature 

Thickness 

(nm) 

J 

(A cm–2) 

LaAlO3/Al2O3 SD/ALD RT/120 ℃ 26.8/4.3 6.9 × 10–9 

HfO2/HfO2 SD/ALD RT/120 ℃ 30.1/4.0 8.4 × 10–7 

TiO2/Al2O3 ALD/ALD 120 ℃/120 ℃ 25.0/4.0 2.1 × 10–5 

ZrO2/Al2O3 SD/ALD RT/120 ℃ 32.5/4.0 1.0 × 10–4 

Ta2O5/Al2O3 SD/ALD RT/120 ℃ 24.5/4.0 7.6 × 10–4 

TiO2/Al2O3 SD/ALD RT/120 ℃ 24.4/4.0 7.3 × 10–3 

Al2O3 ALD 

120 ℃ 17.9 1.7 × 10–6 

200 ℃ 25.5 4.9 × 10–8 

300 ℃ 25.3 5.2 × 10–8 

Y2O3 EV RT 24.5 4.4 × 10–3 

[8, 9, 20]. The electric field is determined by dividing the gate voltage by the thick-

ness of the oxide insulator. The J values for the MOS capacitors at the electric field of 

−1.5 MV cm−1 are summarized in Table 1. For the SD-oxide/ALD-oxide/H-diamond 

and ALD-oxide/ALD-oxide/H-diamond MOS capacitors, the ALD-Al2O3 and ALD-

HfO2 with thicknesses of approximately 4 nm are deposited on the H-diamond as 

buffer layers to protect the hydrogen surface from damage caused by the plasma dis-

charge during the SD-insulator deposition.  

The SD-TiO2/ALD-Al2O3/H-diamond and SD-LaAlO3/ALD-Al2O3/H-diamond 

MOS capacitors show the highest and lowest J values of 7.3×10−3 and 6.9×10−9 A 

cm−2, respectively. Furthermore, J for the ALD-TiO2/ALD-Al2O3/H-diamond MOS 
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 Fig. 2. (a) and (b) The SEM image and schematic structure of the H-diamond MOS capacitor, 

respectively. (c) J as a function of the electric field for the H-diamond MOS capacitors with 

different oxide insulators as dielectric layers. 
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capacitor is lower than that for the SD-TiO2/ALD-Al2O3/H-diamond. This implies 

that the dielectric quality for the ALD-TiO2 is higher than that of the SD-TiO2. For the 

MOS capacitor with the single ALD or EV oxide insulator as the dielectric, the J 

value for the ALD-Al2O3/H-diamond MOS capacitor is lower than that for the EV-

Y2O3/H-diamond MOS capacitor. The J value for the ALD-Al2O3 (120 °C)/H-

diamond MOS capacitor is 1.7 × 10–6 A cm–2, which is larger than that (4.9 × 10–8 A 

cm–2) for the ALD-Al2O3 (200 °C)/H-diamond MOS capacitor. This is possibly due to 

the improved quality of the Al2O3 film deposited at a higher temperature. However, 

the J value changes to 5.2 × 10–8 A cm–2 for the ALD-Al2O3 (300 °C)/H-diamond 

MOS capacitor. Because the H-diamond channel is thermally sensitive [30], the high 

deposition temperature of the Al2O3 might damage the interface quality between the 

ALD-Al2O3 and H-diamond, resulting in the increase of J. 

2.3 Capacitance-voltage properties for H-diamond MOS capacitors 

Figures 3(a), 3(b), and 3(c) show frequency-dependent C-V characteristics of the 

H-diamond MOS capacitors with the ALD-Al2O3 deposited at 120, 200, and 300 °C, 

respectively [9]. The measurement frequency is varied in the range from 1 to 100 kHz. 

For the ALD-Al2O3 (120 °C)/H-diamond MOS capacitor, a slight decrease in the 

maximum capacitance (COX) is observed with increasing frequency (from 0.313 μF 

cm–2 at 1 kHz to 0.301 μF cm–2 at 100 kHz). However, for the Al2O3 (200 °C)/H-

diamond and Al2O3 (300 °C)/H-diamond MOS capacitors, the COX values are stable at 

approximately 0.272 and 0.295 μF cm–2, respectively. Based on the values of COX at 1 

kHz and the film thicknesses, the dielectric constants of the ALD-Al2O3 films depos-

ited at 120, 200, and 300 °C are calculated to be 6.3, 8.0, and 8.6, respectively. In-

creasing the deposition temperature significantly improves the dielectric property of 
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Fig. 3. (a), (b), and (c) Frequency-dependent C-V characteristics of the ALD-Al2O3/H-diamond 

MOS capacitors with Al2O3 films deposited at 120, 200, and 300 °C, respectively. (d), (e), and 

(f) Hysteresis characteristics of the C-V curves for the ALD-Al2O3/H-diamond MOS capacitors 

with Al2O3 films deposited at 120, 200, and 300 °C, respectively. 
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ALD-Al2O3.  

Figures 3(d), 3(e), and 3(f) display the hysteresis characteristics of the C-V 

curves at 100 kHz for the ALD-Al2O3 (120 °C)/H-diamond, ALD-Al2O3 (200 °C)/H-

diamond, and ALD-Al2O3 (300 °C)/H-diamond MOS capacitors, respectively. The 

red circles and blue triangles represent the responses to sweeping the gate voltage 

from negative to positive and from positive to negative, respectively. For all the MOS 

capacitors, no hysteresis voltage is observed. Therefore, the trapped charge densities 

in the ALD-Al2O3 films are considerably low [31, 32]. The flat band capacitances 

(CFB) are calculated using equation (1) to be 0.27, 0.25, and 0.26 µF cm−2 for the 

ALD-Al2O3 (120 °C)/H-diamond, ALD-Al2O3 (200 °C)/H-diamond, and ALD-Al2O3 

(300 °C)/H-diamond MOS capacitors, respectively [33].  

0

1

1FB
D

OX diamond

C
L

C  

=

+

,                                          (1) 

where εdiamond is the dielectric constant of diamond (5.7), ε0 is the vacuum dielectric 

constant (8.85 × 10−12 F m−1), and LD is the Debye length of H-diamond, which is 

calculated to be 2.0 nm based on a hole concentration of 2 × 1018 cm−3 for the H-

diamond channel layer [34]. The experimental flat band voltages for the ALD-Al2O3 

(120 °C)/H-diamond, ALD-Al2O3 (200 °C)/H-diamond, and ALD-Al2O3 (300 °C)/H-

diamond MOS capacitors are determined to be −1.2, −0.2, and 1.5 V, respectively.  

Based on the work function difference between the Ti electrode (4.3 eV) and the 

H-diamond (4.9 eV) [35], the theoretical flat band voltage for an H-diamond MOS 

capacitor is –0.6 V. Therefore, the voltage shifts between the experimental and theo-

retical flat band voltages for the ALD-Al2O3 (120 °C)/H-diamond, ALD-Al2O3 

(200 °C)/H-diamond, and ALD-Al2O3 (300 °C)/H-diamond MOS capacitors are –0.6, 

0.4, and 2.1 V, respectively. These shifts are attributed to the presence of fixed charg-

es in the ALD-Al2O3 films and at the ALD-Al2O3/H-diamond interfaces [31]. Based 

on these values and the COX, the fixed charge densities for the ALD-Al2O3 

(120 °C)/H-diamond, ALD-Al2O3 (200 °C)/H-diamond, and ALD-Al2O3 (300 °C)/H-

diamond MOS capacitors are calculated using equation (2) to be 1.1 × 1012, –6.8 × 

1011, and –3.9 × 1012 cm–2, respectively [33]. 
/FB

OX

V W q Q

q C

−
= ,                                          (2) 

where q is the elementary charge of 1.6×10−19 C. 

3. H-diamond MOSFETs 

3.1 Planar-type and T-type H-diamond MOSFETs 

3.1.1 Fabrication process for the planar-type and T-type H-diamond MOSFETs 



7 

Figure 4 shows the fabrication process for the planar-type and T-type ALD-

Al2O3/H-diamond MOSFETs. They are fabricated on the same H-diamond epitaxial 

layer [Fig. 4(b)]. Mesa structures for the H-diamond MOSFETs are formed by CCP-

RIE in an O2 atmosphere [Fig. 4(c)]. The O2 flow rate, chamber pressure, source pow-

er, and etching time are 100 sccm, 10 Pa, 50 W, and 90 s, respectively. The Pd/Ti/Au 

contacts are formed on the H-diamond using the EV system [Fig. 4(d)]. Finally, the 

Al2O3 gate oxide and Ti/Au gate contacts are formed by ALD at 120 °C and using the 

EV system, respectively [Fig. 4(e)]. The thickness of the Al2O3 layer is 32.3 nm.  

Figures 5(a) and 5(b) show the surface morphologies of the planar-type and T-type 

H-diamond MOSFETs, respectively. Their schematic diagrams are shown in Figs. 

5(c) and 5(d), respectively. The gate width (WG) and area of the Ohmic contact elec-

trodes for both MOSFETs are 100 μm and 10,000 μm2, respectively. The gate length 

(LG) values for the planar-type and T-type H-diamond MOSFETs are 2.0 and 2.1 μm, 

respectively. The interspace lengths of the source-to-gate (LS-G) and drain-to-gate (LD-

G) electrodes for the planar-type H-diamond MOSFET are 3.3 and 4.5 μm, respective-

ly. The Al2O3 gate oxide covers the source/drain electrodes for the T-type H-diamond 

MOSFET with distances of 2.5 and 1.2 μm, respectively. The on-resistance (RON) for 

the planar-type H-diamond MOSFET is composed of Ohmic contact resistance (RC) 

for the metal/H-diamond interface, surface resistance (RS) for the H-diamond epitaxial 

layer interspace between the source/drain and gate oxide electrodes, and channel re-

sistance (RCH) for the H-diamond epitaxial layer under the oxide insulator. Because 

Fig. 4. Fabrication process for the planar-type and T-type H-diamond MOSFETs 
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there is no interspace between the source/drain and gate oxide electrodes for the T-

type H-diamond MOSFET, the RS is zero [18].  

3.1.2 Electrical properties for the planar-type and T-type H-diamond MOSFETs 

Figure 6(a) shows J as a function of the gate-to-source voltage (VGS) for the pla-

nar-type (black circles) and T-type (red circles) H-diamond MOSFETs. Despite the 

metal/oxide/metal structure in the T-type H-diamond MOSFET, its J is the same level 

as that for the planar-type MOSFET. As the VGS changes from –10.0 to 8.0 V, the J 

values for both MOSFETs are lower than 3.0 × 10–7 A/cm2. When the VGS varies from 

–10.0 to –28.0 V, their J values gradually increase. The gate breakdown voltage is 

24.8 V for the planar-type H-diamond MOSFET and 26.2 V for the T-type H-

diamond MOSFET. The breakdown field values for the Al2O3 insulators are calculat-

ed as the VGS divided by the Al2O3 film thickness (32.3 nm), resulting in 7.7 and 8.1 

MV cm–1 for the planar-type and T-type H-diamond MOSFETs, respectively.  

Figures 6(b) and 6(c) show the drain current (ID) versus drain voltage (VD) curves 

for the planar-type and T-type H-diamond MOSFETs, respectively. The ID is normal-

ized by the WG of 100 μm. The VGS is changed from −10.0 to 10.0 V in steps of 1.0 V. 

Both the planar-type and T-type MOSFETs show p-type characteristics and distinct 

pinch-off behaviors. The ID,max values for the planar-type and T-type MOSFETs are 

−80.0 and −160.0 mA mm–1, respectively. At VGS = −10.0 V, the RON values normal-

ized by the WG for the planar-type and T-type MOSFETs can be extracted as 119.6 

and 35.6 Ω mm from the linear regions of their ID-VD characteristics, respectively. 

The larger RON for the planar-type H-diamond MOSFET is ascribed to the interspaces 

of the source/drain and gate electrode (RS ≠ 0). The ID-VGS characteristics for the 

MOSFETs are shown in Fig. 6(d) at VD = −10.0 V. The on/off ratios for both 

Fig. 6. (a) J as a function of VGS for the planar-type and T-type H-diamond MOSFETs. (b) and 

(c) The ID-VD plots for the planar-type and T-type H-diamond MOSFETs, respectively. (d) and 

(e) The ID-VGS and gm-VGS characteristics for the planar-type and T-type H-diamond MOSFETs, 

respectively. (f) The RON as a function of 1/׀VGS–VTH׀ for the planar-type and T-type H-diamond 

MOSFETs. 
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MOSFETs are larger than 1010. Using a linear extrapolation method, the threshold 

voltage (VTH) values for the planar-type and T-type H-diamond MOSFETs are deter-

mined to be 5.4 ± 0.1 and 8.0 ± 0.1 V, and their subthreshold swing (SS) values are 

deduced from the inverse slopes of the ID-VGS characteristics to be 93 and 130 

mV/dec, respectively.  

The interfacial trapped charge density (Dit) for the Al2O3/H-diamond can be cal-

culated using equation (3) [36]. 

ln(10)(1 )it

OX

qDkT
SS

q C
= + ,                                       (3) 

where k and T are Boltzmann’s constant (8.62×10−5 eV K−1) and RT (298.15 K), re-

spectively. The COX is the maximum capacitance density of Al2O3, which can be cal-

culated as 0.173 μF/cm2 using equation (4). 

  0 r
OXC

d

 
= ,                                                   (4) 

where εr is the dielectric constant of Al2O3 (6.3 at a deposition temperature of 

120 °C), and d is the thickness of the Al2O3 layer (32.3 nm). By inserting the COX into 

equation (3), the Dit values for the Al2O3/H-diamond interface in planar-type and T-

type MOSFETs can be calculated as 6.2 × 1011 and 1.3 × 1012 eV–1 cm–2, respectively. 

In addition to the Al2O3/H-diamond interface, there are vertical edge contacts be-

tween Al2O3 and the source/drain Ohmic contacts for the T-type H-diamond 

MOSFET, which may lead to the formation of interfacial defects and an increase in 

Dit. The gm values as a function of VGS for the planar-type and T-type H-diamond 

MOSFETs are shown in Fig. 6(e). They are determined based on the slopes of the 

linear portions of the ID-VGS curves. The gm,max values for the planar-type and T-type 

H-diamond MOSFETs are 16.6 and 58.8 mS/mm, respectively.  

For an ideal H-diamond MOSFET, the RC and RS are considered negligible in the 

RON. The ideal drain current ( 0

DI ) is expressed with the ideal drain voltage ( 0

DV ) using 

equation (5) [31]. 
0

0

0

( )
2
D

eff OX GS TH D

D

G

V
C V V V

I
L


 

− − 
 = ,                                (5) 

where μeff is the effective mobility of the H-diamond epitaxial layer. Thus, the RCH can 

be calculated using equation (6). 

0

1
0

0

0D

GD
CH

D eff OX GS THV

LI
R

V C V V

−

=

 
= = 

 − 
,                          (6) 

For a real H-diamond MOSFET, the RCH under the Al2O3 film can be considered 

ideal. The relationships for the RON with RC, RS, and RCH can be obtained using equa-

tion (7).  

G
ON C S CH C S

eff OX GS TH

L
R R R R R R

C V V
= + + = + +

−
,                    (7) 



10 

The RON as a function of 1/׀VGS–VTH׀ for the planar-type and T-type H-diamond 

MOSFETs are shown in Fig. 6(f). By fitting the red circles for the T-type H-diamond 

MOSFET, the RC is 13.8 Ω mm (the y-axis intercept). By fitting the black circles for 

the planar-type H-diamond MOSFET, the (RC + RS) is observed to be 103.8 Ω mm.  

Because the RC for both MOSFETs is the same, the RS for the planar-type H-

diamond MOSFET can be calculated to be 90.0 Ω mm. By considering the RON values 

for the planar-type and T-type H-diamond MOSFETs (119.6 and 35.6 Ω mm, respec-

tively) at VGS = −10.0 V, the RCH can be computed as 15.8 and 21.8 Ω mm, respective-

ly. Based on the slopes of the fitting lines in Fig. 6(f), the μeff values for the H-

diamond channel layer are 41.3 and 35.5 cm2 V–1s–1 in the planar-type and T-type 

MOSFETs, respectively.  

3.2 Triple-gate fin-type H-diamond MOSFETs 

3.2.1 Fabrication process for fin patterns and triple-gate H-diamond MOSFETs 

Figures 7(a) and 7(b) show the fabrication processes for fin patterns and triple-

gate H-diamond MOSFETs on a diamond substrate with dimensions of 5.0 × 5.0 × 

0.3 mm, respectively [19]. To form the fin patterns on the diamond (001) substrate, a 

tungsten (W) metal layer is first sputtered using an automatic sputtering system to 

cover the entire substrate surface [Fig. 7(a)-i]. The positive photoresist FEP-171 is 

then coated on the sample and exposed using an electron beam lithography system 

(ELS-F125, Elionix Inc., Tokyo, Japan) [Fig. 7(a)-ii]. After the photoresist is devel-

oped [Fig. 7(a)-iii], the W metal and the diamond substrate at the photoresist-free area 

Diamond substrate
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Diamond substrate

W metal 

Diamond substrate

(ii) Fin model formation

W metal 

Photoresist

Diamond substrate

(iii) W metal dry etching

Diamond substrate
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(vi) H-diamond  growth
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(i) Mesa structure formation

(a) (b)
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(ii) Source/drain ohmic contact formation

(iv) Triple-gate  MOSFET formation 
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(iii) Al2O3/Al gate cover layer formation

H-diamond (c)

50 µm

Gate

Source Drain

Gate

Source

Gate

Diamond substrate

Diamond substrate

(d)

Diamond substrate

Gate

LG
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H-diamond

Fig. 7. (a) and (b) Fabrication processes for the fin-patterned H-diamond and triple-gate 

MOSFETs, respectively. (c) Top view of two triple-gate H-diamond MOSFETs. (d) Schematic 

diagram of the triple-gate H-diamond MOSFET. 
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are dry-etched in SF6 and O2 atmospheres, respectively, using an inductively coupled 

plasma reactive-ion etching system (RIE-101iPH, Samco Inc. Kyoto, Japan) [Fig. 

7(a)-iv]. The residual W metal is cleaned again using SF6 to form fin patterns on the 

diamond surface [Fig. 7(a)-v]. Then, the H-diamond epitaxial layer is grown on the 

substrate by MPCVD to form fin-patterned H-diamond [Fig. 7(a)-vi].   

After the formation of fin-patterned H-diamond, the triple-gate MOSFETs are 

then fabricated [Fig. 7(b)]. The fin-patterned H-diamond is first etched in an O2 at-

mosphere using the CCP-RIE system to form a mesa structure [Fig. 7(b)-i]. The 

Pd/Ti/Au Ohmic contacts are then evaporated on the fin-patterned H-diamond to form 

the source/drain electrodes using the electron-gun evaporation system [Fig. 7(b)-ii]. 

The Al2O3 gate insulator layer that has been used for the fabrication of high-

performance diamond MOS devices and the Al gate electrode are then deposited to 

cover the entire sample surface by ALD and sputtering, respectively [Fig. 7(b)-iii]. 

Then, the sample is coated with PMGI-SF6S/FEP-171 bilayer photoresists and ex-

posed using the electron beam lithography system. After developing the photoresists, 

the Al and Al2O3 layers on the photoresist-free areas are wet-etched using Al etchant 

and TMAH solutions, respectively. Finally, the photoresists are lifted off in NMP 

solution, and the fabrication of the triple-gate H-diamond MOSFETs is complete [Fig. 

7(b)-iv]. The top view and schematic diagram of the triple-gate H-diamond 

MOSFETs are shown in Figs. 7(c) and 7(d), respectively. The LG, LS-G/LD-G, and WG 

for these devices are 500 nm, 500/500 nm, and 100.5 µm, respectively.  

3.2.2 Morphologies for the fin-patterned diamond and triple-gate MOSFETs 

Figures 8 shows SEM images of the fin-patterned diamond substrate [Figs. 8(a), 

8(b), and 8(c)] and triple-gate MOSFET, and transmission electron microscopy 
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 Fig. 8. (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.  
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(TEM) images of interfaces in the triple-gate H-diamond MOSFET [Figs. 8(d), 8(e), 

8(f), and 8(g)]. As shown in the SEM images [Figs. 8(a) and 8(b)], 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 

to be 500 nm using a 3D-measurement laser microscope. The gate, source, and drain 

contacts for the H-diamond triple-gate MOSFET can be seen in Fig. 8(c). After grow-

ing the H-diamond epitaxial layer by MPCVD, the fin length and width increased to 

7.8 µm and 600 nm, respectively. The interspacing between fins and the fin height 

decreased to 400 and 340 nm, respectively [Fig. 8(d)]. The H-diamond epitaxial layer 

thickness is approximately 50 nm [Fig. 8(e)].  

Figure 8(f) shows a high-resolution TEM image for the magnification of the left 

adjacent fins in Fig. 8(d). The angle between two adjacent fins is 60°. The two in-

clined active planes of each fin in the triple-gate MOSFETs are the (±
3

3
01) sides. 

The equivalent WG for the triple-gate MOSFET can be calculated as 139.6 µm. The 

ALD-Al2O3 layer thickness is approximately 27.9 nm, which agrees well with the 

measurement results obtained using the ellipsometer. An interfacial layer with a 

thickness of approximately 0.6 nm exists between H-diamond and Al2O3 [Fig. 8(g)]. 

This layer may result from reactions between the oxides or nitrides and the surface 

adsorbates on the H-diamond epitaxial layer [37, 38].  

3.2.3 Electrical properties for the triple-gate H-diamond MOSFETs 

To compare the electrical properties of triple-gate H-diamond MOSFETs with 

the common planar-type devices, the planar-type MOSFETs are also fabricated simul-

taneously with the triple-gate devices on the same diamond substrate. Both triple-gate 

and planar-type MOSFETs have the same LG, WG, and LS-G/LD-G. The difference be-

tween them is the existence of fin patterns on the diamond substrate for the triple-gate 

MOSFET. Figure 9(a) shows the gate leakage current for the triple-gate and planar-

type MOSFETs. The gate leakage current curves for the MOSFETs are measured for 

a VGS from 30.0 to −10.0 V. At the VGS of −10.0 V, the holes are accumulated at the 

Al2O3/H-diamond interface and the MOSFETs are in the on state. The leakage current 

of the triple-gate MOSFET is 1.4 × 10−10 A, which is higher than that of the planar-

type device, 2.3 × 10−12 A. This is possibly ascribed to the longer equivalent WG and 

rougher etching surface for the triple-gate MOSFET than those for the planar-type 

device. The J for the planar-type MOSFET can be calculated to be 4.6 × 10−6 A cm−2 

using the gate leakage current divided by the area of the gate electrode (5.025 × 10−7 

cm2). This J is one order higher than that of the Al2O3/H-diamond MOS capacitor [9]. 

Because the fabrication process for MOSFETs is more complicated than that for MOS 

capacitors, the potential device damage during fabrication for the former is more seri-

ous than that for the latter, which may lead to a higher leakage current for the 

MOSFET.  

Figures 9(b) and 9(c) show the ID-VD characteristics for the triple-gate and pla-

nar-type MOSFETs, respectively. The VGS is varied from −10.0 to 20.0 V in steps of 

1.0 V. The ID for the planar-type MOSFET is normalized using the WG of 100.5 µm. 
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Fig. 9. (a) The gate leakage currents for the triple-gate and planar-type MOSFETs. (b) and (c) 

ID-VD characteristics for the triple-gate and planar-type MOSFETs, respectively. (d), (e), and (f) 

The log |ID|-VGS,  
DI− -VGS, and gm-VGS characteristics of the triple-gate MOSFET, respec-

tively. (g), (h), and (i) The log |ID|-VGS, 
DI− -VGS, and gm-VGS characteristics of the planar-

type MOSFET, respectively.  
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That for the triple-gate MOSFET is normalized using its equivalent WG of 139.6 µm. 

Both MOSFETs show p-type channel and pinch-off characteristics. There are also 

clear linear relationships between ID and low VD for both devices, which indicate ef-

fective Ohmic contact between the Pd/Ti/Au and H-diamond channel layers. The 

absolute ID,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 RON 

can be extracted from the linear region of the ID-VD characteristics, which is 31.9 and 

98.0 Ω mm for the triple-gate and planar-type MOSFETs, respectively.  

While the equivalent WG of the triple-gate MOSFET is only 1.4 times longer 

than that for the planar-type device, the absolute ID,max for the former (174.2 mA 

mm−1) is approximately four times larger than the corresponding value for the latter 

(45.2 mA mm−1). It was previously reported that the inclined H-diamond (111) plane 

has a higher hole density than the planar H-diamond (001) plane [39]. In the current 

study, because each fin of the triple-gate MOSFET has two inclined (±
3

3
01) planes, 

it is natural to believe that the hole density of the fin-type H-diamond channel layer 
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must be higher than that of the planar H-diamond (001) layer. This may be the reason 

for the higher ID,max and lower RON obtained for the triple-gate MOSFET compared 

with the theoretical values. 

The on/off ratio of the triple-gate MOSFET is higher than 108 [Fig. 9(d)], similar 

to that of the planar-type device [Fig. 9(g)]. The SS is 110 mV dec−1 for the triple-gate 

MOSFET at a VDS of −10.0 V. This value is much lower than that of the planar-type 

device, 460 mV dec−1. The threshold voltage (VTH) values of the MOSFETs can be 

determined based on 
DI−   as a function of VGS, which are 10.2 ± 0.1 and 7.6 ± 0.1 

V for the triple-gate and planar-type MOSFETs, respectively [Figs. 9(e) and 9(h)]. 

The gm,max values for the triple-gate and planar-type MOSFETs are 15.3 ± 0.1 and 3.8 

± 0.1 mS mm−1, respectively [Figs. 9(f) and 9(i)]. 

3.3 Enhancement-mode H-diamond MOSFETs 

3.3.1 Enhancement-mode SD-oxide/ALD-oxide/H-diamond MOSFETs 

In sections 3.1 and 3.2, the planar-type, T-type, and triple-gate fin-type H-

diamond MOSFETs have been fabricated using the single ALD-Al2O3 layers as the 

oxide insulators. All of them demonstrate depletion-mode characteristics. In contrast, 

insulators with bilayer structure are also deposited by ALD and RF-SD on the H-

diamond for the MOSFETs [6, 7, 40, 41]. ALD-Al2O3 and ALD-HfO2 with thickness-

es of approximately 4 nm are deposited on the H-diamond as the buffer layers. The 

SD-Ta2O5/ALD-Al2O3/H-diamond and SD-ZrO2/ALD-Al2O3/H-diamond MOSFETs 

show depletion-mode characteristics [40, 41], but the SD-LaAlO3/ALD-Al2O3/H-

diamond and SD-HfO2/ALD-HfO2/H-diamond MOSFETs show enhancement-mode 

characteristics [6, 7]. The depletion- and enhancement-mode characteristics for the 

SD-oxide/ALD-oxide/H-diamond-based MOSFETs are independent of the insulator 

materials and device structures and are reproducibly dependent on the fabrication 

processes. Because the fabrication processes for the SD-oxide/ALD-oxide/H-

diamond-based MOSFETs are the same as those of the planar-type, T-type, and triple-

gate H-diamond MOSFETs, they operate with depletion-mode characteristics.  

For the fabrication processes of the depletion-mode H-diamond MOSFETs, me-

sa-structure formation is the first common step, and the source/drain Ohmic contacts 

are fabricated in the second step. Conversely, gate oxides and contacts fabricated in 

the second step produce the enhancement-mode MOSFETs [6, 7]. By comparing the 

experimental details between the two fabrication processes, the distinct difference is 

that the insulator/H-diamond interface for the enhancement-mode MOSFETs is an-

nealed at 180 °C for 5 min during the photoresist baking step, and there is no anneal-

ing process for the depletion-mode MOSFETs. Because the enhancement-mode char-

acteristic is ascribed to hole depletion in the H-diamond channel layer at zero gate 

voltage and hole accumulation in the H-diamond channel layer is thermo-sensitive 

[38], the annealing step may reduce the number of holes and promote the enhance-

ment-mode characteristics. In this section, we demonstrate that annealing leads to the 

formation of enhancement-mode SD-oxide/ALD-oxide/H-diamond-based MOSFETs 

[30]. 
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The transfer characteristics of the SD-LaAlO3/ALD-Al2O3/H-diamond 

MOSFETs before and after annealing at 180 °C for 5 and 10 min are used to deter-

mine the VTH values, as shown in Fig. 10(a). The VTH before annealing is determined 

to be 0.8 ± 0.1 V with the depletion-mode characteristics. However, after annealing at 

180 °C for 5 and 10 min, the VTH value is changed to the constant value of –0.5 ± 0.1 

V with the enhancement-mode characteristics. Annealing can change the MOSFET 

from the depletion-mode to the enhancement-mode. This indicates that the holes in 

the H-diamond channel layer at the equilibrium stage disappear after annealing at 

180 °C. 

Figure 10(b) shows the C-V characteristics for the SD-LaAlO3/ALD-Al2O3/H-

diamond MOS capacitors. The black, red, and green lines represent the C-V curves 

before annealing and after annealing at 180 °C for 5 and 10 min, respectively. The 

inset figure is the top view of the MOS capacitor. All the C-V curves show distinct 

accumulation and depletion regions, which suggest that a high-quality SD-

LaAlO3/ALD-Al2O3 insulator is fabricated on the H-diamond. The C-V curves in the 

depletion regions before and after annealing at 180 °C for 5 min show sharp depend-

ence on the gate bias, which indicates the low-density interfacial state at the SD-

LaAlO3/ALD-Al2O3 interface. For an annealing time of 10 min, the depletion C-V 

curve shows a slight stretch in the curve, which implies that the long annealing possi-

bly degrades the quality of the SD-LaAlO3/ALD-Al2O3/H-diamond interface.  

Figure 11 shows the schematic structures and band diagrams of the H-diamond 

epitaxial layer [Fig. 11(a)], and SD-LaAlO3/ALD-Al2O3/H-diamond before [Fig. 

11(b)] and after [Figs. 11(c) and 11(d)] annealing, respectively. The VBM, CBM, and 

EF in the figure represent the valence band maximum, conduction band minimum, and 

Fermi level, respectively. For the H-diamond epitaxial layer [Fig. 11(a)], there are  

negatively charged acceptors and C-H bonds close to the surface, and holes are gener-

ated in the H-diamond channel layer by transfer doping. The H-diamond shows up-

ward band bending toward the surface, which indicates hole accumulation. After de-

positing the LaAlO3/Al2O3 bilayer on the H-diamond, the negatively charged accep-

Fig. 10. (a) VTH determination of SD-LaAlO3/ALD-Al2O3/H-diamond MOSFETs before and 

after annealing at 180 °C for 5 and 10 min. (b) C-V curves for SD-LaAlO3/ALD-Al2O3/H-

diamond MOS capacitors before (black) and after annealing at 180 °C for 5 min (red) and 10 

min (green). The inset shows the top view of the MOS capacitor. 
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tors are kept close to the insulator, and then the H-diamond shows upward band bend-

ing toward the ALD-Al2O3/H-diamond interface [Fig. 11(b)]. Because both the C-H 

bonds and the negatively charged acceptors are located at the interface, holes can be 

accumulated in the H-diamond channel layer, and therefore the MOSFET before an-

nealing shows depletion-mode characteristics.  

After annealing the MOSFET at 180 °C, there are two possible charge states at 

the interface. One contains no negatively charged acceptors at the interface. The ener-

gy band of the H-diamond shows flat or downward bending toward the interface [Fig. 

11(c)]. The other state involves negatively charged acceptors at the interface, and the 

energy band of the H-diamond shows slight upward band bending toward the inter-

face [Fig. 11(d)]. However, the negatively charged acceptors are compensated by the 

positive charges generated in the SD-LaAlO3/ALD-Al2O3 intermixing layer after 

annealing. For both possible interfacial charge states, it is difficult to accumulate 

holes in the H-diamond channel layer at VGS = 0 V. The annealed H-diamond 

MOSFET shows enhancement-mode characteristics. The origin of the enhancement-

mode characteristics may be the reduction of the acceptor density close to the insula-

tor/H-diamond interface after annealing. The possible negatively charged adsorbates 

that exist before and after deposition of the insulator layer are oxygen-based anions 

such as 
3HCO−  and OH −  [33]. Annealing at 180 °C may provide the out-diffusion of 

the adsorbate acceptor or the generation of the positively charged compensator. 

 

3.3.2 Enhancement-mode ALD-oxide/ALD-oxide/H-diamond MOSFETs  

Not only the SD-oxide/ALD-oxide/H-diamond MOSFETs but also the ALD-

oxide/ALD-oxide/H-diamond MOSFETs can operate with enhancement-mode char-

acteristics [8]. Figure 12(a) shows the transfer characteristic of the ID-VD curve, which 

is used to determine the VTH value for the planar-type ALD-TiO2/ALD-Al2O3/H-

Fig. 11. Structures and band diagrams of (a) an H-diamond epitaxial layer and SD-

LaAlO3/ALD-Al2O3/H-diamond (b) before and (c, d) after annealing. VBM, CBM, and EF are 

the valence band maximum, conduction band minimum, and Fermi level, respectively. 
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diamond MOSFET. The LG and WG of the MOSFET are 4 and 150 µm, respectively. 

The LS-G/LD-G is 4/4 µm. The VTH for the ALD-TiO2/ALD-Al2O3/H-diamond is −0.8 ± 

0.1 V. This indicates that the ALD-TiO2/ALD-Al2O3/H-diamond MOSFET also oper-

ates with enhancement-mode characteristics. Notably, there is also an annealing pro-

cess for the enhancement-mode ALD-TiO2/ALD-Al2O3/H-diamond MOSFET.  

An advantage of the ALD-TiO2/ALD-Al2O3 bilayer over the SD-oxide/ALD-

oxide bilayer on the H-diamond for the enhancement-mode MOSFETs is that during 

the formation of the SD-oxide/ALD-oxide bilayer, after depositing the ALD-oxide 

buffer layer in the ALD chamber, the sample is exposed to the air and moved into the 

SD chamber for the SD-oxide deposition. However, the ALD-TiO2/ALD-Al2O3 bi-

layer can be formed in the same ALD chamber without exposure. Therefore, there is 

no effect of air contamination on the ALD-TiO2/ALD-Al2O3 interface quality. The log 

|ID|-VGS characteristic of the MOSFET shown in Fig. 12(b) indicates that the on/off 

ratio of the device is as high as 8.3 × 108. The SS value of the ALD-TiO2/ALD-

Al2O3/H-diamond MOSFET is as low as 79 mV dec−1. 

3.3.3 Enhancement-mode EV-Y2O3/H-diamond MOSFETs 

 Because there is no plasma discharge damage for the hydrogen surface of the H-

diamond under evaporation, the EV-Y2O3 film can be formed directly on the H-

diamond [20]. Figures 13(a) and 13(b) show schematic cross-sectional structures of 

the T-type and planar-type Y2O3/H-diamond MOSFETs, respectively. For the T-type 

MOSFET, the gate electrode has top and bottom lengths of 9.3 and 2.4 µm, respec-

tively. For the planar-type H-diamond MOSFETs, the LG increases from 3.3 to 15.4 

µm. The LS-G and LD-G for all planar-type H-diamond MOSFETs are 3 and 1.9 µm, 

respectively. The WG for all the MOSFETs is kept at 100 µm.  

Figures 13(c) and 13(d) show the 
DI−  -VGS characteristics for the T-type and 

planar-type H-diamond MOSFETs, respectively. The VTH value is determined to be 

−0.1 ± 0.1 for the T-type MOSFET. That is −1.8 ± 0.1 V for the planar-type Y2O3/H-

diamond MOSFET at LG = 3.3 µm. The VTH values for all the MOSFETs are summa-

rized in Fig. 13(e) as a function of LG. With the increase of LG from 3.3 ± 0.1 to 15.4 

± 0.1 µm, the VTH for the MOSFETs changes in the range of −0.3 ± 0.1 to −2.0 ± 0.1 

V. The variation of the VTH is possibly attributed to the non-uniform hole density on 
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the H-diamond channel layer. Furthermore, all the VTH values are negative, implying 

enhancement-mode characteristics for all the EV-Y2O3/H-diamond MOSFETs.  

The enhancement-mode characteristics for the Y2O3/H-diamond MOSFETs are 

also believed to be caused by the variation of negatively charged acceptors on the H-

diamond. Compared with that of the previous enhancement-mode SD-oxide/ALD-

oxide/H-diamond and ALD-oxide/ALD-oxide/H-diamond MOSFETs [6-8], the fabri-

cation process of the enhancement-mode Y2O3/H-diamond MOSFETs is simpler. It is 

not necessary to deposit the oxide insulators in two steps. Additionally, because the 

gate contacts (Ti/Au) can be formed in the same chamber after evaporating the Y2O3 

on the H-diamond, there is no undesirable surface contamination on the oxide insula-

tor from the air.  

Table 2 summarizes the effect of annealing on the depletion- and enhancement-

mode characteristics of the H-diamond-based MOSFETs with different oxide insula-

tors and device structures. If there is no annealing step in the fabrication process, the 

VTH values are positive for the SD-oxide/ALD-oxide/H-diamond MOSFETs, corre-
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sponding to the depletion-mode characteristics. Alternatively, if there is an annealing 

step in the process, the VTH values are negative for the SD-oxide/ALD-oxide/H-

diamond MOSFETs, corresponding to the enhancement-mode characteristics. Even 

though there is no annealing step for the EV-Y2O3/H-diamond MOSFETs, they oper-

ate with enhancement-mode characteristics, and although there is an annealing step 

for the ALD-Al2O3/H-diamond MOSFETs, they operate with depletion-mode charac-

teristics.  

Table 2. Effect of annealing on the depletion-/enhancement-mode (D-/E-mode) characteristics 

of the H-diamond-based MOSFETs with the different oxide insulators and device structures [6-

8, 20, 40, 41].  

 Oxide insulators 
LG  

(μm) 

LS-G/LD-G  

(μm) 

VTH 

(V) 
D-/E-mode 

No  

annealing 

SD-LaAlO3/ALD-Al2O3
 4 5/5 0.8 D-mode 

SD-Ta2O5/ALD-Al2O3 4 0/0 1.3 D-mode 

SD-ZrO2/ALD-Al2O3 

4 0/0 1.3 D-mode 

4 5/5 1.4 D-mode 

EV-Y2O3 
2.4 0/0 ‒0.1 E-mode 

3.3 3/1.9 ‒1.8 E-mode 

ALD-Al2O3 4 5/5 3.8 D-mode 

Annealing 

ALD-Al2O3 4 5/5 3.0 D-mode 

SD-LaAlO3/ALD-Al2O3 

4 5/5 ‒0.5 E-mode 

10 5/5 ‒3.6 E-mode 

20 5/5 ‒4.7 E-mode 

30 5/5 ‒5.0 E-mode 

SD-HfO2/ALD-HfO2 4 10/10 ‒1.3 E-mode 

ALD-TiO2/ALD-Al2O3 4 4/4 ‒0.8 E-mode 

SD-TiO2/ALD-Al2O3 4 4/4 ‒0.9 E-mode 

4. H-diamond MOSFET logic circuits 

4.1 Enhancement-mode MOSFET/load resistor NOT logic circuits 

The development of the enhancement-mode H-diamond MOSFETs enables the 

fabrication of H-diamond MOSFET logic circuits [21-23]. Figure 14(a) shows the top 

view of the NOT logic circuits with various load resistors [21]. The load resistance is 

controlled by the distance between the output voltage (Vout) and power supply (VDD) 

electrodes using the defined surface conductive layer, where the load resistors are 

denoted by R1, R2, R3, R4, and R5. The width of all the load resistors is 10 μm, and 

the lengths of the R1, R2, R3, R4, and R5 resistors are 10, 20, 40, 80, and 160 μm, 

respectively. The LS-G/LD-G of the enhancement-mode SD-LaAlO3/ALD-Al2O3/H-
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diamond MOSFET is 5/5 μm. The LG and WG are kept at 4 and 150 μm, respectively. 

The resistance values for the resistors are shown in Fig. 14(b). With a linearly increas-

ing length from R1 to R5, the resistance increases linearly from 10.8 to 103.8 kΩ, 

except for the value of 340.2 kΩ for R5. The deviation may be attributed to the inho-

mogeneous conductivity in the H-diamond surface over the wide area.  

Figure 14(c) shows the voltage transfer characteristics (VTCs) of the H-diamond 

MOSFET logic circuits with various load resistors, where the inset in the figure is the 

schematic of the logic circuit. The VDD is kept at ‒10.0 V. Note that the NOT logical 

properties are observed for all H-diamond MOSFET logic circuits with the Vin rang-

ing from 4.0 to ‒10.0 V. If the Vin is more positive than VTH, the MOSFET is in the off 

state and no IDS flows through the load resistor, resulting in Vout = VDD. Likewise, if 

the Vin is more negative than the VTH, the MOSFET turns on and IDS flows, producing 

the voltage drop across the load resistor, which connects the Vout to the ground level. 

Thus, when Vin is “high” the Vout is “low”, and when Vin is “low” the Vout is “high”, 

which provides the inversion of the input signal.  

The minimum Vout in the VTC curve with the large load resistance (for example, 

R5) is larger than that with the small load resistance (for example, R1). In addition, 

for the increasing load resistances from R1 to R5, the slope of the transition regions in 

the VTC curve increases. The gain defined by ‒dVout/dVin in the VTCs can be evaluat-

ed, as shown in Fig. 14(d). The gain increases from 5.6 to 19.4 with increasing load 

resistance from R1 (10.8 kΩ) to R5 (340.2 kΩ). To examine the switching property of 

the H-diamond logic circuits, the pulse response characteristics are investigated, and 

the result is shown in Fig. 14(e). When the input signal is kept at a high level of ‒10.0 

V, the output response signal is measured to be 0 V. However, when the input signal 

Fig. 14. (a) Top view of the NOT logic circuits with various load resistors, (b) re-

sistance values for the R1, R2, R3, R4, and R5 resistors, (c) the VTCs of the NOT 

logic circuits with the various load resistors, (d) the gain derived from the VTCs, and 

(e) the pulse response characteristic of the NOT logic ciruits with the load resistor of 

R5 (340.2 kΩ). Inset figure in Fig. 14(c) is schematic diagram of the logic circuit.  
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is kept at a low level of 0 V, the output response signal is close to the VDD value of 

‒10.0 V. Thus, the pulse response signal provides the inversion property between Vin 

and Vout. 

4.2 Enhancement-mode MOSFET/load resistor NOR logic circuit 

Figures 15(a) and 15(b) show the top view and schematic diagram of the H-

diamond MOSFET NOR logic circuit, respectively [23]. The circuit is composed of 

two enhancement-mode SD-LaAlO3/ALD-Al2O3/H-diamond MOSFETs and a load 

resistor. The Vin1 and Vin2 represent two input voltages. The WG and LG for the en-

hancement-mode SD-LaAlO3/ALD-Al2O3/H-diamond MOSFETs are kept at 100 and 

2 µm, respectively. Interspaces between the different electrodes for Vin-to-ground, Vin-

to-Vout, and Vin-to-VDD are 1.5, 2, and 26 µm, respectively.  

Figure 15(c) shows Vout as functions of Vin1 and Vin2 for the H-diamond MOSFET 

NOR logic circuit. There are four logic states for the input voltages: (1, 1), (1, 0), (0, 

1), and (0, 0). For each input voltage, the measurement time is 60 s. If both Vin1 and 

Vin2 are −10.0 V, the input voltages are in the logical (1, 1) state, and the two en-

hancement-mode MOSFETs operate in the on state. There is a large current across the 

load resistor, leading to a significant decrease in VDD. The Vout responds close to 0 V 

and at the logical 0 state. If one Vin is −10.0 V and the other is 0 V, the input voltage 

is in the logical (1, 0) or (0, 1) state. In this case, only one enhancement-mode 

MOSFET operates in the on state. The Vout responds close to 0 V and at the logical 0 

state. If both Vin1 and Vin2 are 0 V, the input voltages are at a logical (0, 0) state. Two 

enhancement-mode MOSFETs operate in the off state, and there is no current across 

the load resistor. The Vout responds close to VDD of −10.0 V and at the logical 1 state. 

Therefore, when one or both input voltages are “high” signals, the output voltages 

respond with “low” signals. When both input voltages are “low” signals, the output 

voltage responds with a “high” signal. These results indicate that our logic circuits 

operate with NOR characteristics.  

4.3 Enhancement-/depletion-mode H-diamond MOSFET NOT logic circuits 
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Figures 16(a) and 16(c) show the top view and schematic diagram of the en-

hancement-/depletion-mode H-diamond MOSFET NOT logic circuit, respectively. 

The circuit is composed of a depletion-mode MOSFET and an enhancement-mode 

MOSFET [22]. The depletion- and enhancement-mode MOSFETs for the NOT logic 

circuits act as load and driver devices, respectively. The distance between source and 

drain electrodes for both Al2O3/H-diamond and SD-LaAlO3/ALD-Al2O3/H-diamond 

MOSFETs is the same, 5.5 µm; however, their gate lengths are 3 and 2 µm, respec-

tively. The gate-to-source and gate-to-drain interspaces for the Al2O3/H-diamond 

MOSFET are 1.2 and 1.3 µm, and those for the LaAlO3/Al2O3/H-diamond MOSFET 

are 1.5 and 2 µm, respectively. Although both MOSFETs have the same device struc-

tures, the LG and interspaces of gate-to-source/drain are different. This is possibly 

attributed to the positioning accuracy for the laser lithography system, ± 1.0 µm. 

Figure 16(c) shows the VTCs of the H-diamond NOT logic circuit with the VDD 

changing from −5.0 to −25.0 V. There are distinct inversion characteristics for the 

NOT logic circuit. If the Vin is 0 V, the enhancement-mode SD-LaAlO3/ALD-

Al2O3/H-diamond MOSFET operates in the off state, resulting in a Vout close to VDD. 

If the Vin is −10.0 V, the enhancement-mode MOSFET turns on, resulting in a Vout 

close to the ground level. Thus, when the Vin operates with a low signal and at the 

logical 0 state, the Vout responds with a high signal and at the logical 1 state. Likewise, 

when the Vin operates with a high signal and logical 1 state, the Vout responds with a 

low signal and logical 0 state. The gain curve defined by −dVout/dVin can be deter-

mined, as shown in Fig. 16(d). The maximum gain value increases from 1.2 to 26.1 

with the VDD changing from −5.0 to −25.0 V.  
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4.4 Enhancement-/depletion-mode MOSFET NOR logic circuit 

Figures 17(a) and 17(b) show the top view and schematic diagram of the H-

diamond MOSFET NOR logic circuit, respectively [22]. The structures for the 

MOSFETs are the same as those for the NOT logic circuit. Vin1 and Vin2 represent two 

input voltages for the NOR logic circuit, which is composed of a depletion-mode 

MOSFET and two enhancement-mode devices. 

Figure 17(c) shows the Vout signal of the H-diamond MOSFET NOR logic circuit 

for four different Vin signals at VDD = −10.0 V. For each signal, the measurement time 

is 60 s. If both Vin1 and Vin2 are −10.0 V [logical (1, 1) state], both enhancement-mode 

MOSFETs work in the on states. The current across the depletion-mode MOSFET 

equals the total IDS for the two enhancement-mode MOSFETs, which leads to a signif-

icant decrease in VDD and a Vout of −0.9 ± 0.1 V.  

If the Vin1 and Vin2 are −10.0 and 0 V [logical (1, 0) state], respectively, only one 

enhancement-mode MOSFET works in the on state. The current across the depletion-

mode MOSFET is lower than that for the logical (1, 1) state, resulting in a higher 

absolute Vout of −1.9 ± 0.1 V. If the Vin1 and Vin2 are 0 and −10.0 V [logical (0, 1) 

state], respectively, the Vout is also −1.9 ± 0.1 V, indicating that the electrical proper-

ties for both enhancement-mode MOSFETs are consistent. If both Vin1 and Vin2 are 0 

V [logical (0, 0) state], both the enhancement-mode MOSFETs work in the off states. 

Then, no current flows across the depletion-mode MOSFET, and the Vout is close to 

the VDD of −10.0 V. Thus, when one or both input voltages operate with a high signal 

and logical 1 state, the Vout responds with a low signal and logical 0 state. Likewise, 

when both input voltages operate with low signals and logical 0 state, the Vout re-

sponds with a high signal and logical 1 state. These results indicate that our logic 

circuit acts with the NOR gate characteristics. 
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5. Conclusion 

In this chapter, we review our recent progress in the fabrication and characteriza-

tion of the H-diamond MOS capacitors, MOSFETs, and MOSFET logic circuits. In-

vestigations for the J and C-V properties of the H-diamond MOS capacitors are neces-

sary to help determine the optimal oxide insulator for H-diamond-based MOS devic-

es. Studies for the planar-type, T-type, and triple-gate fin-type H-diamond MOSFETs 

help reveal the underlying defects in the device structures and assist with their im-

provement. The fabrication of depletion- and enhancement-mode H-diamond 

MOSFETs and the H-diamond MOSFET logic circuits may help promote the devel-

opment of diamond complementary MOS integrated circuit chips. 

Acknowledgements 

This work was in part supported by the Japan Society for the Promotion of Science 

(JSPS) KAKENHI Grants JP23K03966 and JP20H00313, and in part by the Nano-

technology Platform Program, the Ministry of Education, Culture, Sports, and Tech-

nology (MEXT), Japan. 

References 

1. Wort, C. J. H., Balmer, R. S.: Diamond as an electronic material, Mater. Today 11(1-2), 22-

28 (2008). 

2. Baliga, B. J.: Power semiconductor device figure of merit for high-frequency applications, 

IEEE Electron Dev. Lett. 10(10), 455-457 (1989). 

3. Walker, J.: Optical absorption and luminescence in diamond, Rep. Prog. Phys. 42(10), 

1605–1659 (1979). 

4. Sato, H., Kasu, M.: Maximum hole concentration for hydrogen-terminated diamond surfaces 

with various surface orientations obtained by exposure to highly concentrated NO2, Diam. 

Relat. Mater. 31, 47-49 (2013).  

5. Imura, M., Nakajima, K., Liao, M. Koide, Y. Amano, H.: Growth mechanism of c-axis-

oriented AlN on (1 1 1) diamond substrates by metal-organic vapor phase epitaxy. J. 

Crystal Growth,  312(8) 1325-1328 (2010). 

6. Liu, J., Liao, M., Imura, M., Oosato, H., Watanabe, E., Tanaka, A., Iwai, H., Koide, Y.: 

Interfacial band configuration and electrical properties of LaAlO3/Al2O3/hydrogenated-

diamond metal-oxide-semiconductor field effect transistors, J. Appl. Phys. 114(8), 

084108 (2013). 

7. Liu, J., Liao, M., Imura, M., Oosato, H., Watanabe, E., Koide, Y.: Electrical characteristics 

of hydrogen-terminated diamond metal-oxide-semiconductor with atomic layer deposited 

HfO2 as gate dielectric, Appl. Phys. Lett. 102(11), 112910 (2013). 

8. Liu, J., Liao, M., Imura, M., Banal, R.G., Koide, Y.: Deposition of TiO2/Al2O3 bilayer on 

hydrogenated diamond for electronic devices: capacitors, field-effect transistors, and log-

ic inverters, J. Appl. Phys. 121(22), 224502 (2017). 

https://samurai.nims.go.jp/profiles/imura_masataka
https://samurai.nims.go.jp/profiles/nakajima_kiyomi
https://samurai.nims.go.jp/profiles/meiyong_liao
https://samurai.nims.go.jp/articles/83b091a6-8681-4d23-acb8-fc17353f02ff
https://samurai.nims.go.jp/articles/83b091a6-8681-4d23-acb8-fc17353f02ff


25 

9. Liu, J., Ohsato, H., Da, B, Koide, Y.: Fixed charges investigation in Al2O3/hydrogenated-

diamond metal-oxide-semiconductor capacitors, Appl. Phys. Lett. 117(16), 163502 

(2020). 

10. Hirama, K., Sato, H., Harada, Y. Yamamoto, H. Kasu, M.: Diamond field-effect transistors 

with 1.3 A/mm drain current density by Al2O3 passivation layer, Jpn. J. Appl. Phys., 

51(9R), 090112 (2012). 

11. Imanishi, S., Horikawa, K., Oi, N., Okubo, S., Kageura, T., Hiraiwa, A., Kawarada, H.: 3.8 

W/mm RF power density for ALD Al2O3-based two-dimensional hole gas diamond 

MOSFET operating at saturation velocity, IEEE Electron Dev. Lett. 40 (2) 279–282 

(2019). 

12. Yu, X., Zhou, J., Qi, C., Cao, Z.,  Kong, Y., Chen, T.: A high frequency hydrogen-

terminated diamond MISFET with fT/fmax of 70/80 GHz, IEEE Electron Dev. Lett. 39(9), 

1373–1376 (2019).  

13. Liu, J., Oosato, H., Da, B., Teraji, T., Kobayashi, A. Fujioka, H., Koide, Y.: Operations of 

hydrogenated diamond metal–oxide–semiconductor field-effect transistors after annealing 

at 500 °C, J. Phys. D: Appl. Phys. 52(31), 315104 (2019). 

14. Saha, N., Kim, S., Oishi, T., Kasu, M.: 3326-V modulation-doped diamond MOSFETs, 

IEEE Electron Dev. Lett. 43(8), 1303–1306 (2022). 

15. Ren, Z., Zhang, J., Zhang, J., Zhang, C., Xu, S., Li, Y., Hao, Y.: Diamond field effect tran-

sistors with MoO3 gate dielectric, IEEE Electron Dev. Lett. 34(6), 786–789 (2017). 

16. Wang, W., Wang, Y., Zhang, M., Wang, R., Chen, G., Chang, X., Lin, F., Wen, F., Jia, K., 

Wang, H.: An enhancement-mode hydrogen-terminated diamond field-effect transistor 

with lanthanum hexaboride gate material, IEEE Electron Dev. Lett. 41(4), 585–588 

(2020). 

17. Yin, Z., Tordjman, M., Vardi, A., Kalish, R., Alamo, J. A.: A diamond:H/WO3 metal–

oxide–semiconductor field-effect transistor, IEEE Electron Dev. Lett. 39(4) 540–543 

(2018). 

18. Liu, J., Ohsato, H., Da, B, Koide, Y.: Investigation of Ohmic contact resistance, surface 

resistance, and channel resistance for hydrogen-terminated diamond MOSFETs. IEEE 

Trans. Electron Dev. 69(3), 1181-1185 (2022). 

19. Liu, J., Ohsato, H., Wang, X., Liao, M., Koide, Y.: Design and fabrication of high-

performance diamond triple-gate field-effect transistors, Scientific Reports 6, 34757 

(2016). 

20. Liu, J., Ohsato, H., Liao, M., Koide, Y.: Enhancement-mode hydrogenated diamond metal-

oxide-semiconductor field-effect transistors with Y2O3 oxide insulator grown by electron 

beam evaporator, Appl. Phys. Lett. 110(20), 203502 (2017). 

21. Liu, J., Liao, M., Imura, M., Watanabe, E., Oosato, H., Koide, Y.: Diamond logic inverter 

with enhancement-mode metal-insulator-semiconductor field effect transistor, Appl. Phys. 

Lett. 105(8), 082110 (2014).  

22. Liu, J., Oosato, H., Liao, M., Imura, M., Watanabe, E., Koide, Y.: Logic circuits with hy-

drogenated diamond field-effect transistors, IEEE Electron Dev. Lett. 38(7), 922-925 

(2017). 

23. Liu, J., Oosato, H., Liao, M., Imura, M., Watanabe, E., Koide, Y.: Annealing effects on 

hydrogenated diamond NOR logic circuits, Appl. Phys. Lett. 112(15), 153501 (2018). 

24. Oi, N., Inaba, M., Okubo, S., Tsuyuzaki, I., Kageura, T. Onoda, S., Hiraiwa, A. Kawarada, 

H.: Vertical-type two-dimensional hole gas diamond metal oxide semiconductor field-

effect transistors, Sci. Rep. 8, 10660 (2018). 

https://samurai.nims.go.jp/articles/59b6914d-b829-45e1-98fe-502ba5f9b0df
https://samurai.nims.go.jp/articles/59b6914d-b829-45e1-98fe-502ba5f9b0df
https://samurai.nims.go.jp/articles/e63e83b5-7edc-4cc8-9c29-89dbc6e3f158
https://samurai.nims.go.jp/articles/e63e83b5-7edc-4cc8-9c29-89dbc6e3f158


26 

25. Matsumoto, T., Kato, H., Oyama, K., Makino, T., Ogura, M., Takeuchi, D., Inokuma, T., 

Tokuda, N., Yamasaki, S.: Inversion channel diamond metal-oxide-semiconductor field-

effect transistor with normally off characteristics, Sci. Rep. 6, 31585 (2016).  

26. Zhang, X., Matsumoto, T., Nakano, Y., Noguchi, H., Kato, H., Makino, T., Takeuchi, D., 

Ogura, M. Yamasaki, S. Nebel, C. E., Inokuma, T., Tokuda, N.: Inversion channel 

MOSFET on heteroepitaxially grown free-standing diamond, Carbon 175, 615-619 

(2021). 

27. Pham, T. T., Gutiérrez, M., Masante, C., Rouger, N.,  Eon, D.,  Gheeraert, E., Araùjo, D., 

Pernot, J.: High quality Al2O3/(100) oxygen-terminated diamond interface for MOSFETs 

fabrication, Appl. Phys. Lett. 112 (10), 102103 (2018). 

28. Liu, J., Teraji, T., Da, B., Koide, Y.: Boron-doped diamond MOSFETs with high output 

current and extrinsic transconductance, IEEE Tran. Electron Dev. 68 (8), 3963–3967 

(2021). 

29. Yuan, X., Liu, J., Shao, S., Liu, J., Wei, J., Da, B., Li, C., Koide, Y.: Thermal stability in-

vestigation for Ohmic contact properties of Pt, Au, and Pd electrodes on the same hydro-

gen-terminated diamond, AIP Advances. 10(5), 055114 (2020). 

30. Liu, J., Liao, M., Imura, M., Matsumoto, T., Shibata, N., Ikuhara, Y., Koide, Y.: Control of 

normally on/off characteristics in hydrogenated diamond metal-insulator-semiconductor 

field-effect transistors, J. Appl. Phys. 118(11), 115704 (2015). 

31. Deal, B. E.: Standardized terminology for oxide charges associated with thermally oxidized 

silicon, IEEE Tran. Electron Dev. 17(3), 606 (1980). 

32. Lai, B. C., Kung, N., Lee, J. Y.: A study on the capacitance–voltage characteristics of metal-

Ta2O5-silicon capacitors for very large scale integration metal-oxide-semiconductor gate 

oxide applications, J. Appl. Phys. 85(8), 4087 (1999). 

33. Nicollian, E. H., Brews, J. R.: MOS Physics and Technology, Wiley, New York (1982). 

34. Hayashi, K., Yamanaka, S., Watanabe, H., Sekiguchi, T., Okushi, H., Kajimura, K.: Investi-

gation of the effect of hydrogen on electrical and optical properties in chemical vapor de-

posited on homoepitaxial diamond films, J. Appl. Phys. 81(2), 744 (1997). 

35. Rezek, B., Sauerer, C., Nebel, C. E., Stutzmann, M., Ristein, J., Ley, L., Snidero, E., Ber-

gonzo, P.: Fermi level on hydrogen terminated diamond surfaces, Appl. Phys. Lett. 

82(14), 2266 (2003). 

36. S. M. Sze, Physics of Semiconductor Devices, Wiley, New York (1981). 

37. Pietzka, C., Scharpf, J., Fikry, M., Heinz, D., Forghani, K., Meisch, T., Diemant, T., Behm, 

R. J., Bernhard, J., Biskupek, J., Kaiser, U., Scholz, F., Kohn, E.: Analysis of diamond 

surface channel field-effect transistors with AlN passivation layers, J. Appl. Phys. 

114(11) 114503 (2013). 

38. Maier, F., Riedel, M., Mantel, B., Ristein, J., Ley, L.: Origin of surface conductivity in 

diamond, Phys. Rev. Lett. 85, 3472 (2000). 

39. Hirama K., Tsuge, K., Sato, S., Tsuno, T., Jingu, Y., Yamauchi, S., H. Kawarada: High-

performance p-channel diamond metal-oxide-semiconductor field-effect transistors on H-

terminated (111) surface, Appl. Phys. Express 3(4), 044001 (2010). 

40. Liu, J., Liao, M., Imura, M., Watanabe, E., Oosato, H., Koide, Y.: Diamond field effect 

transistors with a high-dielectric constant Ta2O5 as gate material, J. Phys. D: Appl. Phys. 

47, 245102 (2014). 

41. Liu, J., Liao, M., Imura, M., Tanaka, A., Iwai, H., Koide Y.: Low on-resistance diamond 

field effect transistor with high-k ZrO2 as dielectric, Scientific Reports 4, 6395 (2014). 

https://samurai.nims.go.jp/profiles/liu_jiangwei
https://samurai.nims.go.jp/articles/f8486bd6-0b51-4888-ac6c-4084a57c2c52
https://samurai.nims.go.jp/articles/f8486bd6-0b51-4888-ac6c-4084a57c2c52
https://samurai.nims.go.jp/articles/f8486bd6-0b51-4888-ac6c-4084a57c2c52

