Fabrication of Hollow Structures Using Atomic Layer Deposition
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Abstract
As the performance requirements for power devices are
increasing, high-quality free-standing GaN substrates
are becoming more and more important in device
fabrication. Reducing the area of contact between the
GaN epitaxial layer and the sapphire substrate leads to
higher quality free-standing substrates. In this study, we
fabricated hollow structures on substrates using ALD
and deposited GaN on them. The hollow structures were
maintained after deposition and the surface of GaN on
AlN hollow structures was as smooth as GaN on PSS.
INTRODUCTION
Power devices are used in a wide variety of fields,
including consumer electronics, the automotive industry,
communications, and electrical power, and these devices
currently use Si as the device substrate material. However,
Si-based power devices are approaching the limit of the
material capabilities of Si, and it is believed that it will be
very difficult to make major improvements to the current
performance.
Recently, GaN power devices have been getting a lot of
attention because of GaN’s higher breakdown voltage, lower
on-resistance, quicker switching, and higher temperature
operation.
Low defect GaN substrates are the key to realize reliable
power devices. Hydride Vapor Phase Epitaxy (HVPE) is
widely used to make high-quality free-standing GaN
substrates [1, 2]. GaN substrates are fabricated by separating
GaN epi-layers from sapphire substrates using their thermal
stress. However, thermal stress in the separation process
may cause cracks in the GaN substrates. To prevent cracks,
it is useful to reduce the area of contact between the GaN
and the sapphire. Fabricating hollow structures on the
sapphire substrates is a promising approach to reduce the
area of contact because the hollow structure creates an air-

gap between the sapphire and the GaN.
In this study, we fabricated various hollow structures with
AlOx or AlN thin films using ALD and then deposited GaN
epi layers on top of them.
EXPERIMENTS
Hollow structures were fabricated by a three-step process.
At first, we fabricated a photo-resist pattern on sapphire
substrates with dot, line/space, and hole patterns. Then,
AlOx or AlN was deposited on the photo-resist pattern using
a SAMCO AL-1 system (Fig. 1). The reflow of photo-resist
occurs at high temperature. Therefore, AlOx films were
deposited using TMA and H2O at 70C. The TMA pulse
time was 20msec and the H2O pulse time was 25msec. AlN
films were deposited using TMA and a capacitively-coupled
N2 plasma at 70C. The TMA pulse time was 20msec and
the N2 plasma was supplied for 5sec every cycle. RF power
and pressure during N2 plasma were 100W and 1 Torr,
respectively.

Fig. 1 ALD system: SAMCO AL-1

films, and the dome shapes perfectly traced the original
photo-resist pattern (Fig. 5 (b)). This means that 23% of the
AlOx film did not make contact with the substrate. It is
possible that the photo-resist evaporates via grain boundaries
or cracks.
(a)

Fig. 2 The timing chart of GaN growth
After deposition, we annealed the films at 1000C in air,
using a microwave heating system to pyrolyze and evaporate
the photo-resist.
GaN layers were grown on the hollow structures using
Metal Organic Vapor Phase Epitaxy (MOVPE) instead of
HVPE. Although the deposition rate by MOVPE is slower
than that by HVPE, MOVPE can fabricate high quality GaN
thin films easily. Fig. 2 shows the timing chart of growth of
GaN layers. The samples were annealed at 1150C for
surface cleaning before GaN growth. The GaN layers were
grown using a four-step processes. After cleaning, low
temperature (LT) GaN buffer layers were deposited at 450C
and u-GaN layers were grown at 1050C for 90min.
Subsequently, u-GaN and n-GaN were grown at 1150C
The film thickness was measured by an interference film
thickness meter and scanning electron microscope (SEM)
cross sections. The surface morphology of the GaN thin
films was investigated using an optical microscope and SEM.
RESULTS
Fig. 3 (a) and (b) show the film thickness of AlOx and AlN
thin films versus number of ALD cycles. The deposition
temperature was 70C. The films were deposited on Si
substrates. The film thickness was proportion to the number
of ALD cycles at nm order. Therefore, we can precisely
control the film thickness.
Fig. 4 (a) shows an AlOx film deposited on a trench pattern
with an aspect ratio of 40. The width and depth of the trench
were 1.8 µm and 72 µm, respectively. The excellent step
coverage, which was another feature of ALD, was observed.
Fig. 4 (b) shows an AlN film on a trench pattern with an
aspect ratio of 1.7. The width and depth of the trench were
0.7 µm and 1.2 µm, respectively. The thickness of the AlN
film on side wall and bottom were the same. These data
indicate that ideal ALD was realized.
The dome-shaped hollow structures with AlOx thin films
were fabricated on the sapphire substrate. Fig. 5 (a) shows
the photo-resist pattern. The width was 2.0µm and the
height was 2.2µm. The film thickness of AlOx was 30 nm.
After annealing, there was no photo-resist underneath the

(b)

Fig. 3 The film thickness of (a) AlOx and (b) AlN thin
films versus number of ALD cycles
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Fig. 4 (a) SEM images of AlOx thin films on a trench
pattern with an aspect ratio of 40. (b) SEM images of AlN
thin films on a trench pattern with an aspect ratio of 1.7.
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Fig. 5 (a) SEM images of photo-resist pattern.
(b) SEM images of dome structures after annealing.
We also fabricated hollow structures using line/space or
hole patterns photo-resist. Fig. 6(a) and (b) show SEM
images of the photo-resist patterns. The width of the
line/space pattern was 5.2 µm and the pitch was 7.7 µm. The
diameter of the hole pattern was 3.2 µm and the pitch was 12
µm. The height of photo-resist was in both cases, 4.5µm.
The AlOx film thickness was 30 nm. After annealing, photoresist disappeared and hollow structures remained (Fig. 6(c)
and (d)). In the line/space patterned hollow structures, about
65% of the AlOx film did not make contact with the
substrate. In the hole patterned hollow structures, 94% of the
film was isolated from the substrate.
Fig.7 shows the dome-shaped hollow structures fabricated
with AlN thin films. The AlN film thickness was 20nm. The
dome shapes almost traced the original photo-resist pattern.
However, the top of the domes was rounded because of the
N2 plasma. The AlN hollow structures with line/space or
hole patterns have not been fabricated yet. These hollow
structures were broken or blown off while annealing. It is
possible that mechanical strength and bonding power of AlN
with substrates are weaker than that for AlOx.

Fig. 6 SEM images of photo-resist patterns
with (a) line/space and (b) hole pattern. (c),(d)
SEM images of hollow structures.

Fig. 7 SEM image of AlN hollow structures.
Fig. 8 (a) and (b) show the surface morphology of a GaN
film deposited on dome-shaped hollow structures with the
AlOx thin film. The film thickness of GaN was about 10 µm.
The surface was very rough and had many holes. Fig. 9

shows the SEM cross-section images. Some of the AlOx
hollow structures were maintained and entirely covered by a
GaN film, while some of the other hollow structures shrunk
and a GaN film was not deposited on them.
Meanwhile, the surface of a GaN film grown on AlN
hollow structures was as smooth as GaN film grown on a
Patterned Sapphire Substrate (PSS) (Fig. 10 (a) and (b)). In
the birds-eye view SEM images, no holes were observed
(Fig. 11 (a)). Fig. 11 (b) shows the cross-section SEM
images of the GaN film grown on AlN hollow structures.
Although some of them also shrunk, a GaN film was grown
on them. It is possible that the difference was caused
because the lattice mismatch between GaN and Al2O3 is
larger than that between GaN and AlN.
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Fig. 8 Birds-eye view of the GaN film deposited on domeshaped AlOx hollow structure using (a) optical microscope
and (b) SEM.

Fig. 9 SEM cross-sectional view of the GaN film on AlOx
hollow structures.
(a)
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Fig. 10 Optical microscope images of the GaN film on
(a)AlN hollow structures and (b)PSS.

Fig. 11 SEM images of the GaN film on AlN hollow
structures using SEM (a) birds-eye view and (b) crosssection view.
CONCLUSIONS
We successfully fabricated dome-shaped hollow structures
using AlOx or AlN thin films deposited by ALD. Hollow
structures with a line/space pattern and hole pattern were
also fabricated. GaN films were deposited on dome-shaped
hollow structures by MOVPE. After GaN growth, the
hollow structures were intact and the GaN film had small
contact area with the sapphire substrates. GaN films on AlN
hollow structures had a smooth surface. These results
indicate that AlN hollow structures on sapphire substrates
reduce the area of contact between GaN and substrates and
prevent cracks when fabricating GaN free-standing thin
films.
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ACRONYMS
ALD: Atomic Layer Deposition
HVPE: Hydride Vapor Phase Epitaxy
MOVPE: Metal Organic Vapor Phase Epitaxy
SEM: Scanning Electron Microscope
PSS: Patterned Sapphire Substrate

