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Over 1 A Operation of Vertical-Type
Diamond MOSFETSs
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Abstract—Diamond is a promising material for
p-channel power field-effect transistors (FETs) due to
its remarkable physical properties. However, no diamond
FETs with current characteristics exceeding 1 A have so
far been reported. P-channel FETs capable of high-current
operation are essential in order to realize complementary
inverters with n-channel wide bandgap devices such as
SiC or GaN. In this work, we designed and fabricated
vertical-type diamond metal-oxide-semiconductor FETs
(MOSFETs) with a trench structure, and a gate width
(Wg) of 0.1 to 10 mm. For devices with Wg = 10 mm
and a source-drain voltage (Vpg) of —20 V, the drain
current reached 0.7 A. We obtained a maximum drain
current of over 1.5 A with Vpg = —20 V by connecting
two devices in parallel within a chip. The drain current
density and specific on-resistance at a Vpg of —10 V were
85 mA/mm and 118 -mm, respectively (Wg = 2 mm). The
leakage current in the off state is at the lower limit of the
measurement (~10-11A) and the on/off ratio is over nine
orders of magnitude.

Index Terms—Diamond, MOSFET,
ultrawide-bandgap semiconductor.

high current,

[. INTRODUCTION

-TYPE metal-oxide-semiconductor field-effect transistors
P(MOSFETS) are necessary for complementary inverters
and converters to realize high-speed operation and small gate
drive circuits. Representative wide bandgap semiconductors
such as SiC, GaN and Ga;0O3 perform well as n-channel
MOSFETs; however, these materials are unsuitable for p-type
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applications. Diamond has excellent physical properties that
are crucial for p-channel power devices, such as its high crit-
ical breakdown field (10 MV/cm), high thermal conductivity
(22 W/ecm-K) [1], high hole mobility (2000 to 3800 cm?/V -s)
[2], [3] and the possibility of inducing a two-dimensional
hole gas (2DHG) on its surface [4]. This can be achieved
with hydrogenated diamond by negative charge-appropriate
adsorbates or films [5]. 2DHG is induced irrespective of crystal
orientation [6], which is a large advantage for vertical-type
MOSFETs with a trench structure. Many lateral-type diamond
FETs using 2DHG have been reported. The maximum drain
current density can reach over 1 A/mm [7], and reported
effective mobilities are as high as 100 to 200 cmz/(V-s).
Recently, the use of hexagonal boron nitrate heterostructures
(h-BN) as a gate dielectric on clean H-terminated (C-H)
diamond has exhibited ~700 cmz/(V-s) [8]. In recent years,
enhancement mode 2DHG diamond MOSFETs have been
reported by selecting gate-insulating film materials [9], [10]
or controlling surface termination [11], [12], [13]. Moreover,
2DHG shows high reliability across a large temperature range,
with Al,O3 deposited using atomic layer deposition (ALD) as
the passivation film for a C-H surface [14], [15]. The stable
operation of lateral-type 2DHG diamond MOSFETs over a
wide temperature range (10 to 673K), with high breakdown
voltage characteristics (>2000 V) and critical breakdown field
(3.6 MV/cm), has also been reported [11], [16], [17], [18].

The vertical-type structure is suitable for high-voltage and
high-current operation, conditions which are required for
devices such as SiC and GaN power MOSFETs [19], [20].
However, in diamond, few reports exist on the high-current
operation of vertical-type FETs. The three-dimensional struc-
ture of 2DHG diamond MOSFETs has been reported [21],
[22], [23], [24], [25]; in this structure the trench side wall was
used for the conduction region, demonstrating clear advantages
for the fabrication of these devices. For power applications,
large current operation is essential; however, diamond FETs
with large-current operation have not yet been reported.

In this work, we vary the gate width in the device from
0.1 mm to 10 mm and confirm operation with a source-drain
current of over 1.5 A by connecting two devices on the
same substrate at a source-drain voltage (Vps) of —20 V.
The current density and specific on-resistance with a gate
width of 2 mm are 85 mA/mm and 118 Q-mm at Vpg
of —10 V, respectively. We measured a high on/off ratio of
about 9.5 orders of magnitude.

[I. DEVICE FABRICATION

We deposited undoped and nitrogen-doped layers using
microwave plasma chemical vapor deposition (MPCVD) on

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) Optical microscope image for device with gate width of 5 mm
(S: source electrode, G: gate electrode) (b) Cross-sectional image of
dash line area.

a 3-mm x3-mm x0.3-mm p+-type diamond substrate. The
boron concentration of the substrate was 5 x 10! cm™3.
The growth temperature, plasma power, and chamber pressure
during the undoped layer deposition were 600 to 620 °C,
750 W and 35 torr, respectively. The concentrations of CHy
and CO;, were 0.75% each for undoped layer deposition, and
N, was added (with a concentration of 0.04% to 0.13%)
for nitrogen-doped layer deposition. The thicknesses of the
undoped and nitrogen-doped layers were 0.5 um and 1.0 pm,
respectively. The nitrogen concentration was measured to be
between 2 and 9 x 10'® cm™3 with secondary ion mass
spectroscopy using other samples deposited under the same
conditions. The trench structure was formed by O, gas
inductive coupled plasma reactive ion etching patterned by
photolithography. The trench depth, width and length were
2.2 pm, 60 um and 5 pum, respectively. There were between
1 and 80 trenches per device, and the trench pitch was 33 pum.
The regrown undoped layer was deposited by MPCVD (CHgy:
0.1%, COy: 0.1%) after trench fabrication to induce 2DHG
and recover etching damage; two devices were fabricated with
different thicknesses of this layer: Device A (200 nm) and
Device B (350 nm). Ti/Pt/Au (30/20/100 nm) were deposited
by an electron beam evaporation system for source electrodes
and annealed at 500 °C in H, for 30 min to form TiC
as source contacts. Hydrogen termination was formed by
remote plasma treatment. For this stage, the temperature,
plasma power and chamber pressure were 600 °C, 60 W
and 20 torr, respectively. Device isolation was performed by
oxygen plasma treatment without an active area covered with
resist patterned by photolithography. A 200-nm-thick layer of
Al,O3 was deposited as the gate insulator and passivation layer
using the high-temperature ALD method at 450 °C and H,O
for the oxidant. Al,O3 was etched by tetramethylammonium
hydroxide to expose the source electrodes. Layers of Ti/Au
(10/250 nm) were deposited with a dual ion beam sputter
system for the drain electrode on the back side of the substrate
and Al (100 nm) was deposited with a thermal evaporation
system for the gate electrodes and source contact pads.

I11. RESULTS AND DISCUSSION
An optical microscope image of one such device is shown
in Fig.1(a). The gate width of this example is 5 mm, which
is the second-largest device used in this study. In this work,
gate width is defined as the perimeter of the trench. Fig. 1(b)
shows a schematic cross-sectional view of the device. The
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Fig. 2. (a) Ip-Vpg characteristics of device A with gate width of 10 mm
over a gate-source voltage (Vgg) range from —20 to 28 V with voltage
steps of 4 V. (b) Semi-longitude Ip-Vgg characteristics and 25-Vgg
characteristics of devices A with gate width of 10 mm at Vpg of —1 V.
Off current is 10~11 A and on/off ratio is 9.5 orders of magnitude.

gate length (Lg) is fixed at 4 um and the source elec-
trode width (excluding contact pads) is fixed at 10 pum.
The source-gate distance (Lsg) and gate-trench edge distance
(Lgt) are 2 um and 3 um, respectively. The trench depth
(D7) is 2.2 um and the distance from the top of trench to the
p+-type region (Lsw) is approximately 1.7 um. Source-drain
distance (Lsp) is defined as total length of Lsg, Lg, LGT,
and Lgsw. The nitrogen-doped layer with high concentration

8 to 9 x 10" cm™3, thickness ~300 nm) was sand-
wiched by a nitrogen-doped layer with lower concentration

(2 to 3x 10'® cm—3, thickness ~350 nm). Nitrogen concentra-
tion and thickness are estimated by SIMS using other sample
deposited by same conditions. The trench bottom is 0.4 to
0.6 um deep from the top of the p+ region. The nitrogen
and boron concentrations of the regrown undoped layer are
<1 x10'® ¢cm™3 and <5 x 10" cm™3, respectively.

Fig. 2(a) shows the drain current (/p) as a function of Vpg
for device A with a gate width (Wg) of 10 mm measured
by pulsed I-V measurement. Temperature during all measure-
ments is fixed at 298K. The maximum drain current is —0.7 A
at drain-source voltage (Vps) of —20 V and gate-source
voltage (Vgs) of —20 V, which is the largest drain current of
diamond FETs ever reported. The specific on-resistance and
current density calculated from Ip-Vpg characteristics and Wg
are 286 Q-mm and —70 mA/mm at Vpg of —20 V, respec-
tively. The on/off ratio is about 9.5 orders of magnitude and
the drain current reaches the lower limit of the measurement
(~10~'1 A) at Vgs = 35 V. The threshold voltage determined
by the Ip-Vgs characteristics shown in Fig.2(b) at a Vpg
of —1 V is 21.2 V. This device also shows depletion mode
operation.

Fig. 3 shows breakdown characteristics of device with gate
width of 0.1 mm. Breakdown voltage is 225V. Gate and drain
leakage current remain low (<107!19 A) just before break-
down. Breakdown voltage is expected to be lower for devices
of larger gate width because of inhomogeneous distribution of
device characteristics due to process non-uniformity.

The gate width dependence of current density normalized
by gate width and the threshold voltage are shown in Fig. 4.
We applied pulsed I-V measurements with a pulse width of
2 ms and duty ratio of 20% for devices with a gate width
of 2 mm or more to remove current decrease by self-heating.
The drain current density of device B with a gate width
of 1 mm is about 30% higher than that of device A. The
equivalent drain current densities are about 75 mA/mm for
device A and 95 mA/mm for device B with Wg = 1 mm.
With a gate width of 10 mm, these values drop to 37 mA/mm
and 42 mA/mm for devices A and B, respectively, which is
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Fig. 4. (a) Relationship between drain current density (standardized by

gate width) at Vpg of —10 V and Vgg of —20 V. (b) Threshold voltage
dependence on gate width.

50% to 60% lower than that of devices with a small gate width.
This tendency for the drain current density to decrease as Wg
increases suggests the presence of additional resistances such
as substrate resistance and source electrode resistance, with the
latter expected to play a more significant role. The active cells
are connected by a thin and narrow source electrode (Ti/Pt/Au:
30/20/100 nm, width: 10 wm) and the ratio of source electrode
resistance to the total resistance increases with the gate width.
This ratio is relatively high for the larger device. However,
since the source electrode is placed directly above the trench
structure through interlayer films, source electrode resistance
is removed in typical power MOSFETs; therefore, this is not
expected to be a major issue.

The threshold voltage range of device A (regrown undoped
layer thickness: 200 nm) is 18 to 23 V and that of device
B (regrown undoped layer thickness: 350 nm) is 30 to 34 V.
The threshold voltage tends to increase slightly with increas-
ing gate width, but is within the range of device-specific
variation. It is suggested that thickness of regrown undoped
layer deposited on the top and the side of nitrogen-doped
layer near the trench affects device characteristics such as
on-resistance and threshold voltage. In previous work, it was
confirmed that shallow nitrogen-doped layer shift threshold
voltage in the positive direction [26]. But, influence of regrown
undoped layer condition such as impurity concentration and
thickness on device characteristics of vertical-type are under
investigation.

Specific On-resistance (RonS) standardized by total device
area is shown in Fig.5 (a). Total device area is indicated in
Fig.1(a) by dash line. RonS standardized by active area is
48.4 mQ-cm? for device A and 36.7 mQ-cm? for device B
(Wg of 2 mm). Smaller gate width devices have a higher
percentage of pad area, resulting in higher on-resistance. RonS
standardized by active area defined by subtracting the area
of the electrodes from the total area are shown in Fig.5 (b).
RonS standardized by active area is 17.7 mS-cm? for device A
and 13.8 mQ-cm? for device B (Wg of 1 mm). Source
electrode resistance results in higher RonS standardized by
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Fig. 5. (a) Specific on-resistance normalized by total are indicated in
fig.1(a) by dash line. (b) normalized by active area.
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Fig. 6. (a) Ip-Vps characteristics of Device B (connected two devices)

over a gate-source voltage (Vgs) range from —20 to 36 V with voltage
steps of 4 V by pulsed |-V measurement. (b) relationship between drain
current at Vpg of —20 V and Vgg of —20 V.

active area for devices with larger gate width. RonS will be
improved by reduction of source electrode resistance through
the introduction of interlayer dielectric and reduction of device
dimensions such as Lsg and Lgt.

Fig. 6(a) shows the Ip-Vpg characteristics of two connected
devices (Device B) with a gate width of 10 mm measured
by pulsed I-V measurement. The maximum drain current
reached —1.5 A at Vpg of —20 V and Vgg of —20 V. The
on-resistance is 12.7 €2, which is just over half of the value
for a single device, due to substrate resistance and voltage
drop in the measurement system. Fig. 6(b) shows the drain
current at Vpg of —20 V using one or two devices (both
device A and device B). For both types of devices, the drain
current when using two devices is slightly lower than the sum
of two devices measured independently. The drain current of
both types of devices are —1.3 A and —1.5 A at Vpg of
—20 V, respectively. In this work, p+ substrate resistance is not
critical for on-resistance because of the device size and other
resistances such as 2DHG at the surface and trench sidewall,
and the source electrode.

IV. CONCLUSION

We have demonstrated over 1 A operation of vertical-type
diamond MOSFETs. The maximum drain current is —1.5 A
at Vps of —20 V and the on/off ratio is over nine orders
of magnitude. For devices with a gate width of 2 mm, the
specific on-resistance and drain current density are 118 Q-mm
and 85 mA/mm, respectively. Maximum drain current will be
increased by connecting more cells (or devices) and reduc-
ing parasitic resistance such as source electrode resistance.
Improvement of Specific on-resistance and breakdown voltage
is more important in the future.
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