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Left: Optical microscope image of the MOSCAPs and diamond deep depletion
MOSFETs (D2MOSFETs) of this work. Top right: Scanning electron
microscope image of a diamond D2MOSFET under electrical investigation. S:
Source, G: Gate, D: Drain. Bottom right: D2MOSFET concept. The on-state of
the transistor is ensured thanks to the accumulation or flat band regime. The high
mobility channel is the boron-doped diamond epilayer. The off-state is achieved
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thanks to the deep depletion regime, which is stable only for wide bandgap
semiconductors. For a gate voltage larger than a given threshold, the channel is
closed because of the deeply and fully depleted layer under the gate. Credit:
Institut NÉEL

Silicon has provided enormous benefits to the power electronics
industry. But performance of silicon-based power electronics is nearing
maximum capacity.

Enter wide bandgap (WBG) semiconductors. Seen as significantly more
energy-efficient, they have emerged as leading contenders in developing 
field-effect transistors (FETs) for next-generation power electronics.
Such FET technology would benefit everything from power-grid
distribution of renewable-energy sources to car and train engines.

Diamond is largely recognized as the most ideal material in WBG
development, owing to its superior physical properties, which allow
devices to operate at much higher temperatures, voltages and
frequencies, with reduced semiconductor losses.

A main challenge, however, in realizing the full potential of diamond in
an important type of FET—namely, metal-oxide-semiconductor field-
effect transistors (MOSFETs)—is the ability to increase the hole channel
carrier mobility. This mobility, related to the ease with which current
flows, is essential for the on-state current of MOSFETs.

Researchers from France, the United Kingdom and Japan incorporate a
new approach to solve this problem by using the deep-depletion regime
of bulk-boron-doped diamond MOSFETs. The new proof of concept
enables the production of simple diamond MOSFET structures from
single boron-doped epilayer stacks. This new method, specific to WBG
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semiconductors, increases the mobility by an order of magnitude. The
results are published this week in Applied Physics Letters.

In a typical MOSFET structure, an oxide layer and then a metal gate are
formed on top of a semiconductor, which in this case is diamond. By
applying a voltage to the metal gate, the carrier density, and hence the
conductivity, of the diamond region just under the gate, the channel, can
be changed dramatically. The ability to use this electric "field-effect" to
control the channel conductivity and switch MOSFETS from conducting
(on-state) to highly insulating (off-state) drives their use in power control
applications. Many of the diamond MOSFETs demonstrated to date rely
on a hydrogen-terminated diamond surface to transfer positively charged
carriers, known as holes, into the channel. More recently, operation of
oxygen terminated diamond MOS structures in an inversion regime,
similar to the common mode of operation of silicon MOSFETS, has
been demonstrated. The on-state current of a MOSFET is strongly
dependent on the channel mobility and in many of these MOSFET
designs, the mobility is sensitive to roughness and defect states at the
oxide diamond interface where unwanted carrier scattering occurs.

To address this issue, the researchers explored a different mode of
operation, the deep-depletion concept. To build their MOSFET, the
researchers deposited a layer of aluminum oxide (Al2O3) at 380 degrees
Celsius over an oxygen-terminated thick diamond epitaxial layer. They
created holes in the diamond layer by incorporating boron atoms into the
layer. Boron has one less valence electron than carbon, so including it
leaves a missing electron which acts like the addition of a positive
charge, or hole. The bulk epilayer functioned as a thick conducting hole
channel. The transistor was switched from the on-state to the off-state by
application of a voltage which repelled and depleted the holes—the deep
depletion region. In silicon-based transistors, this voltage would have
also resulted in formation of an inversion layer and the transistor would
not have turned off. The authors were able to demonstrate that the
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unique properties of diamond, and in particular the large band gap,
suppressed formation of the inversion layer allowing operation in the
deep depletion regime.

"We fabricated a transistor in which the on-state is ensured by the bulk
channel conduction through the boron-doped diamond epilayer," said
Julien Pernot, a researcher at the NEEL Institute in France and an author
of the paper. "The off-state is ensured by the thick insulating layer
induced by the deep-depletion regime. Our proof of concept paves the
way in fully exploiting the potential of diamond for MOSFET
applications." The researchers plan to produce these structures through
their new startup called DiamFab.

Pernot observed that similar principles of this work could apply to other
WBG semiconductors. "Boron is the doping solution for diamond,"
Pernot said, "but other dopant impurities would likely be suitable to
enable other wide bandgap semiconductors to reach a stable deep-
depletion regime."

  More information: "Deep depletion concept for diamond MOSFET," 
Applied Physics Letters (2017). DOI: 10.1063/1.4997975
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