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Abstract

The development of vertical GaN devices is in the process
development stage for practical use. This report summa-
rizes the current state of development of process technol-
ogy that enables stable device manufacturing. Examples
of device prototypes are also presented.

1. Introduction

Vertical structure of the power device has advantages such
as small chip size, easy wiring, and high breakdown voltage.
Furthermore, wideband gap semiconductors have the greatest
feature of low on-resistance. GaN is material having the abil-
ity to fully exhibit these properties and in recent years devel-
opment of GaN vertical devices has been accelerated. For ex-
ample, GaN vertical devices with over 1kV breakdown volt-
age have been reported recently!>. Moreover, over 3kV pn
diodes were also reported®”. Therefore, ability of GaN for
high voltage devices has been proven. Next issues are devel-
opments of fabrication process technologies which make de-
vices stable operation. In this paper, we will report recent
advances in process technologies for GaN vertical devices.

2. Fabrication process and devices

Some vertical structures have been reported. Among these
structures, we select the trench MOSFET as the structure that
makes the best use of the special feature of GaN, and aim to
build the fabrication process. Figure 1 shows the main fabri-
cation techniques. Below, the progress of these technologies
and the results of trial manufacture of trench MOFETs will be
explained.

Epitaxial growth -Low doping growth-

For high voltage power devices, the drift layer requires a
low doping concentration lower than 1x10'%cm™. The re-
quired concentration is one or two order of magnitude lower
than the optical device. Therefore, optimization of the growth
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Fig. 1 Fabrication technologies of vertical GaN power devices.
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Fig. 2 Si and Mg doping concentrations vs. these source gases
supply ratios. Modified from Narita et al. [8] © AIP Publishing.

equipment and conditions became necessary. We have im-
proved the MOVPE equipment for low doping control by us-
ing dilution system for the Si and Mg supply lines. Figure 2
shows the high controllability of low concentrations of Si and
Mg.® The quality of the growth layer also important. The
electron maximum mobility at room temperature, for exam-
ple, was 1200 cm?/Vs for the 1x10'¢ cm™ sample, which was
very high quality?.

Low damage trench fabrication

In trench MOSFET devices, trench formation is an im-
portant process because the sidewalls of the trench act as the
gate channel. Therefore, the trench sidewalls must be highly
vertical and highly flat. Furthermore, it is necessary to form
rounded corners at the bottom of the trench to prevent the gate
oxide film from being destroyed by the electric field concen-
tration. In order to obtain high channel mobility, removal of
processing damage on the trench sidewall surface is also an
important issue.

For the trench etching, etching gases (Cl,, BCls, SiCly) and
their mixed gas were appropriately selected according to the
etching process of the trench using ICP-RIE. And we realized
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Fig. 3 SEM image of fabricated trench shape by ICP-RIE.
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the expected trench shape as shown Fig.3. In addition, to re-
duce the etching damage, we have developed novel etching
technology called the multi-step-bias etching method and
conformed the effect of reducing the etching damage.'?

Mg ion implantation and activation

lon implantation is a standard technology for device fab-
rications of Si and SiC power devices. However, for GaN, ion
implantation and activation of Mg for p-GaN has been very
difficult until now because there is no high-performance cap
layer to protect the GaN surface during high-temperature an-
nealing. To solve the problem, we have tried Mg activation
under ultra-high pressure N2 and high temperature with no
protection cap. The pressure and the temperatures were 1GPa
and from 1300°C to 1480°C, respectively. Cathode lumines-
cence measurements of the annealed sample revealed that the
green luminescence due to nitrogen vacancies was very low
and donor-acceptor pair luminescence was very high, which
was the same order of that from epitaxial p-GaN. These re-
sults indicate that the recover of the crystal quality and Mg
activation were successful. Hall measurements was made to
characterize electrical properties of the activated layer. Figure
4 shows the temperature dependence of the hole concentra-
tion of the sample of activation temperature of 1400°C.'%
This shows that the activation under ultra-high pressure N
was very effective for forming p-GaN with ion implantation.
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Fig. 4 SEM image of fabricated trench shape by ICP-RIE. Sa-
kurai et al. [10] ©AIP Publishing.

Trench MOSFET fabrication
A trench MOSFET was prototyped using the developed
fabrication technologies. As a first step, we adopted a struc-
ture without a drift layer as shown in Fig.5 to evaluate the
gate channel characteristics. In this structure, the source n-
GaN and p-body contact layers have high doping concentra-
tion of 3x10%° cm™ and 5x10" ¢cm™, which reduces the con-
tact resistance. The gate length was about 2 microns. The gate
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Fig. 5 Cross section of the fabricated trench MOSFET.
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Fig. 6 Channel mobility at 300K. Main limiting factors of the

mobility were Coulomb scattering and surface roughness.

insulator film was AlSiO (Al: 78%, Si: 22%), of which thick-
ness was 30 nm. Obtained threshold voltage was 4.2 V, which
was consistent with the calculated value. Figure 6 shows the
channel mobility vs Vg. The maximum value was 47 cm?/Vs.
The channel mobility limiting factors were analyzed. As
shown in Fig.6, Coulomb scattering and surface roughness
scattering were the main limiting factors for channel mobility.
The results indicate that the channel mobility will be im-
proved by reducing the interface state density of the gate and
forming sidewalls with higher planarity.

Applications of vertical GaN power devices

A feature of the vertical GaN device is very low on-re-
sistance. This feature makes it possible to construct a new
system, which has been difficult with conventional power de-
vices. For example, air cooling, downsizing, and high current
applications as shown in Fig.7.

Fig. 7 Suitable applications of vertical GaN power decies.

Summary

In the research on GaN high voltage devices, the stage of
demonstrating high breakdown voltage has already been
completed. Development of process technology, which is the
next challenge, is currently progressing steadily.
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