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Abstract 

In 2016, we reported the first inversion channel dia-
mond MOSFETs with normally-off operation and high 
on/off ratios of over 1010 [1]. Here, we precisely controlled 
two interface structures: pn-junctions using selective 
growth of heavily B doped on n-type diamond layer for 
the formation of source/drain and MOS interface using an 
atomic layer deposition of Al2O3 film on OH-terminated 
diamond (111) surface. The field-effect mobility μFE of the 
p-channel diamond MOSFET was 8 cm2/Vs at the highest, 
which is much lower than the hole mobility of 6,300 
cm2/V∙s at RT [2]. In this study, we investigated the inter-
face state density Dit dependence of μFE in inversion chan-
nel diamond MOSFETs. The μFE and Dit were strongly in-
versely correlated and the maximum μFE of 20 cm2/V∙s 
was obtained in the diamond MOSFET with the mini-
mum Dit of 1 × 1013 cm−2∙eV−1. The high Dit in the diamond 
MOSFETs suggests that most holes are trapped at the in-
terface state as a key factor for carrier scattering. Thus, it 
is important for obtaining higher μFE of diamond 
MOSFETs to reduce Dit as well as that of Si and SiC ones. 
 
1. Introduction 

Carbon is a member of group IV with the least atomic 
number above Si. Diamond, of which crystal structure is same 
with that of silicon, has been expected to be the semiconduc-
tor material of the next-generation high-power and high-fre-
quency devices because of the superior physical and elec-
tronic properties such as extremely high thermal conductivity 
(20 W/cm∙K), carrier mobility (7,300 and 6,300 cm2/V∙s for 
electron and hole, respectively [2]), and breakdown field (10 
MV/cm). Actually, there have been many reports about sem-
iconductor devices using diamond for applications like power 
devices [3-9]. Here, the inversion channel MOSFET is the 
most important device, because it shows normally-off char-
acteristics. Si MOSFETs and insulated-gate bipolar transis-
tors (IGBTs) based on the MOS structure are widely used be-
cause they allow to control the electric power accurately with 
high tolerance. Recently, we reported the first inversion chan-
nel diamond MOSFET with normally-off property and a high 
on/off ratio of over 1010 [1]. However, the field effect mobil-
ity and the drain current density were only 8 cm2/Vs and 1.6 

mA/mm, respectively. We attribute the low mobility and the 
correlated low drain current density to the high interface-state 
density of 6×1012 cm-2eV-1 which is the key factor for carrier 
scattering. In this study, we investigated the interface-state 
density (Dit) dependence of the carrier mobility (μFE) in inver-
sion channel diamond MOSFETs. 
 
2. Experimental 

Figure 1 shows a schematic image of the cross-sectional 
structure of the inversion channel diamond MOSFET fabri-
cated on a high-pressure high-temperature (HPHT) synthetic 
Ib (111) semi-insulating single-crystal diamond substrate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic image of the cross-sectional structure of an inver-
sion channel diamond MOSFET on a high-pressure high-tempera-
ture (HPHT) synthetic Ib (111) semi-insulating single-crystal dia-
mond substrate. 
 
Here, Lg and Wg are the gate electrode length and width, re-
spectively. The fabrication process was as follows. Firstly, 
Phosphorus (n)-doped diamond films as n-type bodies were 
grown onto each HPHT Ib (111) diamond substrate by micro-
wave plasma-assisted (MP) chemical vapor deposition 
(CVD). The Phosphorus concentrations of the n-type bodies 
(NP) were 2 × 1015, 1 × 1016, 3 × 1016, and 6 × 1016 cm−3. 
Second, a p+-type layer (Boron-doping) was selectively 
grown on each n-type body through a metal mask (Ti/Au) by 
MPCVD. The thickness and Boron concentration of the p+-
type layers were about 50 nm and about 1021 cm−3, respec-
tively. Third, after removing the metal mask by acid cleaning, 
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the samples were treated by water vapor annealing in an elec-
tric furnace at 500 °C for 60 min under an atmosphere of N2 
gas bubbled through ultrapure water in a quartz tube to obtain 
stable OH surface terminations [10]. An Al2O3 films with 
30~50 nm thick were then deposited onto each sample by 
atomic layer deposition (ALD) at 300 °C. When the Al2O3 
layer was deposited, the termination of the diamond surface 
changed from OH to O because the chemical reaction be-
tween OH and trimethylaluminum is identical to that in the 
ALD mechanism. Gate, drain, and source electrodes 
(Ti/Pt/Au) were fabricated on each sample by photolithogra-
phy and lift-off techniques. Lg and Wg were 15 and 100 μm, 
respectively. 
 
3. Results and discussion 

Figure 2 shows the drain current density (Id) as a function 
of drain voltage (Vds) for different gate potentials (Vgs) of the 
inversion channel diamond MOSFET with NP of 2 × 1015 
cm−3, Lg of 15 μm, and Wg of 100 μm measured in air at 300 
K. We varied the gate voltage (Vgs) between 0 and -12 V with 
steps of -4 V. The drain source voltage was changed between 
0 and -5 V with voltage steps of -0.1 V. The MOSFET exhibits 
normally-off properties and clear saturation characteristics. 
The drain current (Id) is well modulated by the gate potential 
(Vgs). The maximum Id was -1.6 mA/mm. The threshold volt-
age VT is –0.9 V. The second MOSFET shows also normally-
off properties as well as clear saturation characteristics (not 
shown here). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Id–Vds characteristics of the inversion channel diamond 
MOSFET with NP = 1 × 1016 cm−3, Lg = 15 μm, and Wg = 100 μm at 
RT. The applied Vgs and Vds ranged from 0 to −12 V with a voltage 
step of −4 V and from 0 to −5 V with a voltage step of −0.1 V, re-
spectively. 
 

Figure 3 presents the summary of field effect mobilities 
(µFE) as function of interface-state densities (Dit) measured at 
300 K on the inversion channel diamond MOSFET and on 
4H-SiC MOSFETs. Here, we use the maximum μFE of the di-
amond MOSFET because the applied Vg is lower than applied 
on the 4H-SiC MOSFETs, and a clear saturation region is not 
observed. In addition, we plot μFE at Vgs−VT of -2 V for dia-
mond, to focus on the low Vgs–VT region. The channel mobil-
ity μFE as plotted by triangles is inversely correlated with the 

interface state density Dit values. The channel mobility plot-
ted by squares decreases significantly faster with the channel 
defect density (see data Vgs- VT = −2 V for diamond). For ex-
ample, when Dit decreased to 1/3, μFE increases by a factor 
100 in the low Vgs–VT.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Correlation between μFE and Dit for the inversion channel di-

amond MOSFET and a 4H-SiC MOSFET [11]. The black triangles 

are the peak μFE of the 4H-SiC MOSFET, the filled red squares are 

the maximum μFE for the diamond MOSFET, and open red triangles 

are μFE at Vgs–VT of -2 V. 

 
4. Conclusions 
   We successfully fabricated inversion channel diamond 
MOSFETs with normally-off characteristics and high on/off 
ratios using a high-quality insulated phosphorus doped n-type 
diamond body. The data reveal that the mobility of the inver-
sion channel diamond MOSFETs are significantly affected by 
the (high) interface state densities and indicate the key prob-
lem for the realization of high-power and high-frequency di-
amond devices. 
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