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875-MW/cm? Low-Resistance NO, p-Type
Doped Chemical Mechanical Planarized
Diamond MOSFETs

Niloy Chandra Saha™', Seong-Woo Kim"', Toshiyuki Oishi', Senior Member, IEEE,
and Makoto Kasu

Abstract—In this study, an Al,O; passivated, NO;
p-type doped diamond metal-oxide—semiconductor field-
effect transistor (MOSFET) was fabricated on a chemical
mechanical planarized high-quality heteroepitaxial diamond
{Kenzan diamond®) substrate. This MOSFET exhibited a low
specific ON-resistance of 7.54 m{2.cm? and a high OF F-state
breakdown voltage of —2568 V. The chemical mechanical
planarization (CMP) was performed for 200 h on the diamend
surface which effectively removed the subsurface damages
resulting in a low resistive diamond surface. Thus, the
MOSFET showed a high drain current density of —0.68 Afmm
and a maximum available power density (Baliga’s figure-
of-merit) of 874.6 MW/cm?—the highest reported value for
diamond devices.

Index Terms— CMP, diamond MOSFET, heteroepitaxial
diamond, high BFOM, NO; p-type doping.

I. INTRODUCTION

TAMOND, with an ultrawide bandgap of 5.47 €V, is the

most promising semiconductor material for high-power
and high-frequency transistors. It possesses a high breakdown
electric field of =10 MV/em [1], [2] and a thermal conductiv-
ity of 22 Wiem-K [3]. Further, undoped diamond exhibits high
carrier mobilities (electron and hole mobilities of 4500 and
3800 cm®V~'s™!, respectively) [4]. Hydrogen termination
on diamond forms a two-dimensional hole channel, and the
hole density and mobility can be controlled by varying the
temperature during the hydrogen termination [5]. Hydrogen
terminated diamond (H-diamond) field-effect transistors show
excellent radiofrequency (RF) characteristics, such as RF
power densities of 2.1 and 3.8 W/mm at 1 GHz [6], [7],
a maximum cut-off frequency (fr) of 70 GHz [8], and a
maximum oscillation frequency ( fmax) of 120 GHz [9].
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NOz p-type doping is used in H-diamond to increase
the hole carrier concentration (ps), which can be
reportedly increased by one order of magnitude (up to
~ 2.4 » 10 ecm™?) than that in air [10], [11]. An Al;Os
layer is used to passivate the hole channel and attain thermal
stabilization [12]. Hirama ef al. [13] demonstrated a diamond
metal-oxide-semiconductor field-effect transistor (MOSFET)
with the highest drain current density of 1.35 A/mm, using
NO; doping and an Al;O3 layer. Saha er al [14], [15]
demonstrated high-drain-current-density and high-breakdown-
voltage MOSFETs on heteroepitaxial diamond, which were
grown on sapphire substrates using the microneedle technique.
One-inch diamond substrates with a low dislocation density
(1.4 % 107 em™) and high crystallinity (113.4 arcsec) were
reported as well [16]. Moreover, freestanding diamond with
a diameter of 2" was demonstrated using a step-flow growth
on misoriented sapphire [17].  Heteroepitaxial diamond
MOSFETs also exhibited the highest lateral breakdown
voltage of —2608 V and a Baliga's figure-of-merit (BFOM)
of 345 MW/cem? [18).

Mechanical polishing, which induces subsurface damages
[19], has been widely used on heteroepitaxially grown dia-
mond substrates to obtain a flat surface. To eliminate the
subsurface damages and obtain an atomically flat surface,
which is desirable for a smoother carrier transport at the
heterointerfaces, chemical mechanical planarization (CMP) is
applied [20]. In this study, we fabricated NO; p-type doped
diamond MOSFETs on heteroepitaxial diamond substrates
treated using CMP for 200 h. These MOSFETs exhibited very
high drain currents, high mobilities, low ON resistances, and
high breakdown voltages, and therefore, a high BFOM.

Il. GROWTH AND FABRICATION

Fig. 1{a) shows the cross-section of the diamond MOSFET
fabricated on an 8.0 » 8.0 mm? high-quality heteroepitaxial
(001) diamond freestanding substrate (Kenzan diamond®).
The diamond substrate was grown on sapphire using the
microneedle technique and then, treated with CMP for 200 h to
remove the mechanical polishing-induced subsurface damages.
CMP was performed using the abrasive slurry of Cr,03 at a
rotating speed of 3.6 m/s and a pressure of 15 kPa. During the
50 and 200 h of CMP, approximately 90- and 360-um-thick
diamond layers were removed, respectively. As the CMP
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