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This study is meaningful for deep understanding of the interface states and is beneficial for
developing more effective passivation techniques to improve the interface quality and device
performance of diamond power MOSFETs, which is significant for the practical power application.

Aiming at the low channel mobility of world’ s first inversion-type
p-channel diamond MOSFETs, we focused on the main limiting factor of the high interface state
density at Al203/diamond interface. We proposed a novel technique to form OH-termination by using
the hydrogenated diamond surface followed by wet annealing. The interface quality is significantly
improved. Also, the trap properties at Al203-diamond interface were examined by conductance method.
Besides, we applied the OH-termination formation technique and successfully fabricated the
inversion-type p-channel heteroepitaxial diamond MOSFETs and made the electrical characterization.
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1. #FERRLA Y ¥ Dy 5 (Background at the beginning of the Research)
Diamond has attracted much attention in power electronics due to its superior physical

properties. Numerous studies have been devoted to the development of diamond power
metal-oxide—semiconductor field-effect transistors (MOSFETs). In 2016, our group
demonstrated the first inversion-type p-channel diamond MOSFET with normally off
operation with Al,O3 film deposited on O-terminated diamond (111) surface followed by
wet annealing. However, the inversion-type p-channel diamond MOSFET suffers from
low field-effect mobility, which is mainly attributed to the existence of high interface state

density (Dj) on the order of 103 cm 2eV ! near the valence band edge (Ey) of diamond.

2. HWFFE® HEY(Purpose of the Research)
To improve the channel mobility of inversion-type p-channel diamond MOSFETs, the

Dij; reduction and comprehensive understanding of trap properties are indispensable for
improving the interface quality of Al,Os/diamond. Besides, the development of the
heteroepitaxial diamond MOSFET is also significant because substrate size and cost of
homoepitaxial diamond limit the commercialization. Therefore, in this study, we focused
on the issues of the D;; reduction, Al,Os/diamond interface characterization, and the trail
of heteroepitaxial diamond MOSFET.

3. 52D 515 (Research Methods)
We employed a novel OH-termination formation technique that the IIb (111) diamond

surface was treated by hydrogen-plasma exposure and subsequent wet vapor annealing
and fabricated p-type diamond MOS capacitors where AlbO3 was used as the oxide
formed by atomic layer deposition (ALD). The frequency-dependent C—J characteristics
were examined at various temperatures. Furthermore, we applied the high temperature
conductance method with considering the surface potential fluctuation to provide insights
into the properties of interface states at AloOs/diamond interface. In addition, by applying
this surface termination technique, we fabricated the inversion-channel heteroepitaxially-
grown freestanding diamond MOSFET where the diamond heteroepitaxy was realized on

Ir/intermediate layer/Si (111) substrate.

4. W7 R (Research results)

The capacitance—voltage (C—V) curves from 1 Hz to 10 MHz at 400 K were demonstrated
in Fig. 1. A hump in a C-V curve at 1 Hz was observed, and the magnitude of the hump
decreased with increasing frequency, which indicates the existence of interface states at
deep energy levels. Figure 2 shows the extracted Dj as a function of energy position from
Ey of diamond extracted by the high-low method and conductance method. The extracted
energy distribution of Dj by conductance method is consistent with that by high-low
method, and we can deduce that the surface potential fluctuation is significant in the

conductance method. By analyzing the energy distribution of surface potential fluctuation,



we found that the Al,Os/diamond interface traps are donor-like, as shown in Fig. 3.

5 10%3 T T r r r
@ 400 K O D by high-low method
T 40 i @ D, by conductance method with SPF
e = O Dy by conductance method w/o SPF
g >
8 30 k NQ) pooo ooo
8 1012} g 8 1
S e a©
® 20f 1& o B
Q - o
[0°] ——1Hz ) o o ©
O Jol—1kHz 10MH o °
—— 100 kHz
—— 10 MHz
O 1 1 1 1 1 1 1 1 1 1 1 1011 L L L L L
5-4-3-2-1012 34567 0.2 0.3 0.4 0.5 0.6 0.7
Gate Voltage (V) E-E, (eV)
Fig. 1. Frequency-dependent C-J curves Fig. 2. Comparison of energy dependence of
from 1 Hz to 10 MHz at 400 K. interface state density by high-low method,
conductance methods with and without
considering surface potential fluctuation.
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Fig. 3. Interpretation for the feature of donor-like traps using the band diagram, where (a)

represents the Fermi level (£,) approaching to the valence band edge (£,) and (b) represents the
E, far from the £ of diamond.
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Figure 4 shows the top-view optical microscope image of the inversion-type p-channel
heteroepitaxial diamond MOSFETs. The output (les—Vss) and transfer (las—Vis)
characteristics were analyzed. The peak ure of the heteroepitaxial diamond MOSFET
reached 2.7 cm*V~!s™!. This new finding would facilitate the practical application of the
diamond power devices. In the next step, optimal heteroepitaxial growth conditions and
lateral growth techniques are indispensable to improve the quality of diamond film and
thus to enhance the device performance of the inversion-type p-channel heteroepitaxial

diamond MOSFETs, which would facilitate the diamond device commercialization due



to the low cost and large size.
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Fig. 4. (a) Top-view image of the inversion-type p-channel heteroepitaxial diamond MOSFETs by
optical microscopy, (b) I,~V,, and (¢) dS—Vgs characteristics for a typical MOSFET with L/W=15/150

pm.
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