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Abstract

We fabricated (001) vertical-type two-dimensional hole
gas (2DHG) diamond metal-oxide-semiconductor field-ef-
fect transistors (MOSFETSs) with a p™-drift layer for the
first time. Among the vertical diamond MOSFETS: so far
reported, we achieved the highest breakdown voltage (Vs:
-580 V). The maximum drain current density of 210
mA/mm at Lsp of 17 pm was obtained. Compared to ver-
tical diamond devices of the same Lsp without p--drift
layer, the drain current density was almost the same, but
the breakdown voltage increased by more than 60 % (200
V). The implementation of the p~-drift layer was very ef-
fective for vertical diamond device.

1. Introduction

In power devices, vertical structure is suitable for both low
on-resistance and integration, large current operation, and
high breakdown voltage which are required for power
MOSFETs. There is an urgent need to develop vertical p-
channel power FETs compatible with n-type FETs for the re-
alization of high-power and high-speed switching comple-
mentary inverters. We have reported vertical-type 2DHG di-
amond MOSFET using 2DHG which is induced inde-
pendently of crystal orientation by C-H diamond surface and
high temperature ALD-ALO;[1][2][3]. However, the drift
layer by p- layer has not been implemented because the con-
trollability of lightly doping of boron into diamond is very
difficult. In this work, we fabricated (001) vertical-type
2DHG diamond MOSFET with a p-drift layer and achieved
a breakdown voltage of Vs: -580 V, which is the highest
among the vertical diamond MOSFETs currently reported.

2. General Instructions

The cross-sectional view of the vertical-type 2DHG dia-
mond MOSFETs with p-drift layer is shown in Fig.1. Fig.2
shows an optical micrograph of the vertical-type device and
scanning electron microscope (SEM) image of the vertical-
type device. A p-drift layer was deposited on a p*-type dia-
mond substrate using the microwave plasma chemical vapor
deposition (MPCVD) method. The thicknesses of the p™-drift
layer ([N]: 1.0 x 10'® cm™, [B]: 8.0 x 10'7 cm™) was 4.0 um.
A nominally undoped layer and a nitrogen-doped layer ([N]:
3.0 x 10" cm>~8.0 x 10" cm™) were deposited on a p™-drift

layer by the MPCVD method. The thicknesses of the nomi-
nally undoped layer and the nitrogen-doped layer were 0.5
and 1.5 um, respectively. The nitrogen-doped layer acts as a
vertical current blocking layer. Then, 100 nm MgO is depos-
ited as a trench etching mask, and trench with a depth (Dr) of
3 pum, a width (W) of 6 um are formed by inductively coupled
plasma reactive ion etching using Oz plasma. After trench for-
mation, a 300 nm regrown undoped layer was deposited by
the MPCVD method to induce the 2DHG and secure the drift
layer on the trench sidewall. Titanium, platinum, and gold
(Ti/Pt/Au: 30/20/100 nm) were deposited as source electrodes
and annealed in an Hz atmosphere to form titanium carbide as
source contacts. Then, the substrate surface was hydrogen-
terminated by remote plasma treatment, and oxygen termina-
tion was then formed on the device, apart from the active area
of the device, for electrical isolation. The 200-nm-thick A1>O3
was deposited as the gate insulator through the high-temper-
ature atomic layer deposition (ALD) method and a drain elec-
trode (Ti/Au: 10/250 nm) was deposited on the back surface
of the substrate. Finally, aluminum (300 nm) was deposited
as the gate electrode to complete the vertical-type device.

3. Results and Discussion

The source-gate length (Lsc), gate-trench (Lcr), gate-drain
(Lap), source-drain (Lsp) and gate length (L) for this device
are 3 um, 4 um, 10 um, 17 pm, 4 um, respectively. As shown
in Fig. 2, the area size of an active region for this device (Lss
x WG =17.5x 10 cm?) is defined by multiplying the distance
between the trench-side edges of two sources (Lss: 30 pum)
and the gate width (Wa: 25 pm). From the /Ip-Vps characteris-
tics shown in Fig. 3, the maximum drain current density
(Ip,max) normalized by the gate width is 210 mA/mm at Vps: -
50 V and Ves: -20 V. In the active region, the /p.max is 1400
A/cm? and the on-resistance (Ron) is 23 mQ- cm?. The drain
current density obtained in this study is comparable to that of
a vertical device of the same device size without a p™-drift
layer [1]. As shown in Fig. 4, no gate leakage current is ob-
served at room temperature (300 K) and on/off ratio is about
6 orders of magnitude. As shown in Fig. 5, a high breakdown
voltage (VB): -580 V is achieved. This value is more than
60 % (200 V) higher than the breakdown voltage (VB: -359
V) [1] of a device of the same size without a p™-drift layer, and
is the highest value reported for vertical diamond FETs. From
the above, it can be confirmed that the p-drift layer does not
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significantly reduce the current value and increase the break-
down voltage. Further improvement of the breakdown char-
acteristics can be achieved by increasing the p-drift layer
thickness (4 um at present) to about 10 pm in the near future.
In addition, by introducing a trench gate structure [3] into this
device structure, the device can be made smaller, and by im-
plementing a high-density boron-doped layer under the
source electrode [4], low on-resistance can be achieved, re-
sulting in a p-type power trench diamond MOSFET with high
breakdown voltage and low on-resistance.

4. Conclusions

We fabricated (001) vertical-type 2DHG diamond
MOSFETs with a p-drift layer and achieved a breakdown
voltage of V's: -580 V, which is the highest among the vertical
diamond MOSFETs currently reported.
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Fig.1 Cross-sectional view of the (001) vertical-type 2DHG
diamond MOSFET with p-drift layer (4 um)
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Fig.2 (a) An optical micrograph of the vertical-type device and
(b) scanning electron microscope (SEM) image of the verti-
cal-type device
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Fig.3 In-Vps characteristics. The maximum drain current density
was 210 mA/mm at Vps and Vs of =50 V and 20 V.
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Fig.4 |Ip|-Vgs and |Ig| -Vgs characteristics for a Vgs of -20 to
40 V ata Vps of -10 V (300 K). On/off ratio was 6 orders of

magnitude.
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Fig.5 Breakdown characteristics of a device with Lgp = 10.0
pum at Vgs =40 V. Breakdown voltage was -580 V
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