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Abstract

We have accomplished the objectives of first year of this project. The main accomplishments
include successfully fabrication of GaN quantum dot (QD), fabrication of GaN-based nanorod,
growth and study of GaN/AIN DBR, establishment of the GaN-based micro-cavity device

process techniques, growth of the Ga,0s using photo-enhanced wet oxidation technique.
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(1) We have established fabricating condition of GaN quantum dot (QD). The density of
the GaN QD is about 5x10%m™ and the average size of these QDs are 45nm in depth
and 45nm in width.

We have successful fabricated the GaN quantum confined nano islands in the
GaN/AIN multiple layer structure using the AIN nanoholes as the shown in fig. 1.1. The
surface morphology of both AIN samples were examined by the AFM shown in fig. 1.2.
A 16-pair of AIN/GaN structure were grown on the sapphire substrate by MOCVD
using the controllable growth interruption technique. After the AIN layer growth under
N, ambient gas, we used a ten-second interruption growth with NH; and H, gases
which was introduced to anneal the AIN surface to form nanoholes on AIN surface
before the growth of GaN layer at 1040°C under H; carrier gas. The schematics of the
growth procedures of multilayer GaN/AIN QDs structure by using AIN nanoholes
template. We wused transmission electron microscopy (TEM), to examine the
cross-section of thick AIN/GaN bilayers as shown in fig. 1.3. The emission spectrum of
QDs shown in fig. 1.4 was measured by micro-photoluminescence (U -PL) using a
commercial microscope system which consists of a Scanning Near-Field Optical
Microscope (SNOM). From these p-PL results, we conclude that the GaN QD
emissions are strongly influenced by quantum confinement effect as well as by carrier
localization in the QDs. In conclusion, we have successfully fabricated GaN quantum
dots. These quantum dots shows strong vertical coupling effect and emits intense PL

emission.
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Figure 1.1 Formation principles of the GaN quantum dots
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Figure 1.2 AFM morphologies of the AIN surface. (a) grown under N2 ambient, and (b) grov:;n under H, ambient.

Figure 1.3 Cross-section TEM analysis results. The darker layers are GaN while the lighter layers are AIN. (a) with
thin GaN layer thickness, and (b) with thick GaN layer thickness.
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Figure 1.4 Power dependenty -PL experiment spectra

(2) The fabrication technique of InGaN multi-quantum-wells (MQWSs) nanorod was
established successfully using induced coupled plasma reactive ion etching (ICP-RIE)



etching. The density of InGaN MQW nanorod is about 10%-10° cm™ and the diameter
and height of a single InGaN MQWs nanorod were about 100 nm and 1 pm.

The fabrication technique of InGaN multi-quantum-wells (MQWs) nanorod was
established successfully using induced coupled plasma (ICP) etching. In this research,
two methods of InGaN MQWs nanorod fabricating were studied. The first method in
this study, InGaN MQWs bulk samples grown by metal-organic chemical vapor
deposition were etched by ICP dry etching directly under the fixed CI2/Ar flow rate of
10/25 scem, ICP/BIOS power of 200/200W, and chamber pressure of 4 pa, then the
InGaN MQWs nanorod were fabricated with a density of 108-109 cm-2. In addition,
the diameter and height of a single InGaN MQWs nanorod were about 100 nm and 1
um as shown in figure 2.1 of scanning electron microscope (SEM) image. The
transmission electron micrograph (TEM) image was also shown in figure 2.1. The
MQWs layers were very clear to see from the TEM image. This technique provided a
novel and one-step method for the fabrication of InGaN MQWs nanostructure. The
optical properties of the nanorods were investigated using micro-photoluminescence
(u-PL) measurement. Figure 2.2 was the room temperature p-PL spectra of the
nanorods and the bulk which showed a large blue-shift compared with the bulk
InGaN/GaN sample. The partial strain field release and the quantum confinement could
be responsible of the blue-shift in the nanorod emission peak. In order to achieve the
fabrication of nano-light-emitting and quantum confined device, we established another
fabrication technique of InGaN MQWs nanorod using ICP dry etching with nickel (Ni)
nano-mask as shown on figure 2.3. The p-GaN layer of the nano-structure fabricated by
this technique not be etched, which provided a basis for the design of high efficiency
nano-structure LED. In detail, about a 160 nm thick of silicon nitride (Si3N4) film was
deposition on the surface of InGaN MQWs LED structure sample first by photo
enhanced chemical vapor deposition (PECVD), and then the 100 nm thick Ni film was
deposited using e-beam deposition system. Next the samples were treated with rapid
thermal annealing (RTA) of 850 degree under nitrogen ambiance for one minute to
form self-assembled Ni nanosized masks or clusters. After nanosized masks formation,
the reactive ion etching (RIE) was processed using CF4/O, gases to etch Si3N4 film.
Then the samples were etched down to the n-type GaN layer by ICP-RIE (SAMCO
ICP-RIE 101iPH). Finally, the remain of nano-masks above SiN film were removed in
buffer oxide etchant and the fabrication of InGaN/GaN MQW nanorod were finished.
The SEM image of the finished InGaN/GaN MQW nanorods fabricated by the ICP-RIE
dry etching using Ni nano-masks is shown in figure 2.4. The mean dimension and

density of the nanorods were about 80~100 nm and 1.5x10' cm™

respectively. In
addition, the shapes of these nanorods are almost vertical and uniform. The TEM
(JEOL, JEM-200CX) image of a single InGaN/GaN MQW nanorod is illustrated in
figure. 2.5. It shows clearly that the diameter and length of a single nanorod are
approximately 80 nm and 1 pum. The active region of five-period MQW is also
observed evidently from the TEM image. The width of the quantum well and barrier are

estimated to be about 5 and 25 nm.



Finally, we built up a novel and applicable technique to fabricate InGaN MQWs

nano-structure LED for fabricating nano-LEDs in the future.
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Figure 2.3 Schematic diagram showing the process of InGaN

Figure 2.2 u-PL spectra of bulk and InGaN MQWs nanorods using self-assembled Ni nano-masks and ICP-RIE

nanorods fabricated by ICP etching directly. etching.
} N Hams pdiab
[T LR T e T
Bl
Figure 2.4 The SEM image of InGaN MQW Figure 2.5 Transmission electron micrograph of
nanorods fabricated by ICP-RIE etching using a single InGaN MQW nanorod.

self-assembled Ni nano-masks.

(3) Micro-cavity and device are successfully fabricated.
1. Successfully growth of GaN/AIN DBR and the reflectivity is about 94.5%.

The high-reflectivity AIN/GaN distributed Bragg reflector (DBR) structures were
realized by metal organic chemical vapor deposition (MOCVD) growth under pure N,
ambient for AIN epilayer growth. The TEM picture is shown in Fig.3.1. The highest
peak reflectivity of about 94.5% with a stopband width of 18nm at a center
wavelength of 442nm was obtained (Fig.3.2). For the DBR structure with AIN layer
grown under mixture of Ny/H, and pure H, conditions, the center wavelength was
blue-shifted to 418 and 371nm and the peak reflectivity also showed a reduction to
92% and 79%, respectively. The stopband width also decreases with increasing H,

contents. The surface roughness and the grain size of the grown DBR structures
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showed an increase with increasing the H, ambient gas ratio. For realization of a high
reflectivity and broad bandwidth of AIN/GaN DBR by using the MOCVD growth
method, the pure N, ambient gas for growth of AIN layer should be preferable and

optimal condition.
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Fig. 3.1 TEM picture of GaN/AIN DBR. Fig. 3.2 The reclectivity of GaN/AIN DBR

. Successfully established fabrication processes of micro-cavity GaN-based device.

The resonant-cavity light-emitting diode (RC-LED) structure was grown by
MOCVD. The structure of RC-LED consisted of a 31 InGaN/GaN MQW LED cavity
between the top TiO,/SiO, DBR (81.7%, reflectance) and the bottom AIN/GaN DBR
(90.4%) stack. The pictures of the top of the device are shown in Fig. 3.3(a)-(c) and
the emission pictures are shown in Fig. 3.3(d)-(e). A stable 410nm emission peak and
a low thermally induced red-shift effect (0.12 nm/kA/cm?) were measured by varying
the injection current density (Fig. 3.3(e)). The light output power of the full RC-LED
device was three times higher than the RC-LED without top TiO,/SiO, DBR layers
under 600 A/cm’ inject current density. The narrow line width of 7.4 nm, emission
peak localization at 410 nm, and three times higher output power than the RC-LED
without top TiO,/Si0, DBR layers were caused by the resonance effect in this vertical

cavity structure.
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Fig. 3.3 (a) OM pictures (b)-(c) SEM pictures of GaN-based micro-cavity device. (d),(e) The
emission images of GaN-based micro-cavity device. (¢) The EL spectrum of the micro-cavity

Successfully established the framework of photo-enhanced wet oxidation to growth of
Ga,0; film on GaN and studied the characteristic of Ga,0s.

We investigate the crystallinity effect of gallium oxide (Ga;Oj3) on the electrical
properties of n-gallium nitride (GaN) metal oxide semiconductor (MOS) devices. A
thin strain-relieving layer (~ 20nm) of gallium oxynitride (GaON) with graded
composition, as revealed by the x-ray photoemission spectroscopy, is shown to assist
the oxide growth on GaN in the photo-enhanced chemical process. Improved MOS
characteristics with high forward breakdown field EFB > 15 MV/cm, high value of
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gate oxide barrier height 5~ 2.2 eV, and low interface state density Dj; ~ 3.5x10"
cm’-eV'extracted by the conductance method are observed. The x-ray diffraction
analyses of the oxide layer exhibit preferential orientations due to reflections from the
(019) and (024) planes. These observations are ascribed to the formation of crystalline
Ga,05 layer on GaN as the oxide is transformed from a hydrous status into a

monoclinic phase due to a post-growth thermal annealing in O, ambience.
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Fig. 1: (a) XRD spectra showing the progressive Binding energy (eV)
appearance of P Ga,O; signals at 20 angles Fig.2: Depth-resolved XRS spectra showing a
corresponding to (019) and (024) planes as one thin (~ 20nm) GaON intermediate layer with
increases the annealing temperature, and SEM graded composition sandwiched between the
micrograph showing (b) planar and (c) cross-section  surface Ga,Os and bottom GaN layer.

view of a Ga,05 layer with ~150nm thickness on GaN.
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Fig.3: Field dependence of gate leakage current
density in Ga,0;/GaN MOS devices with 50 and
100nm oxide thickness. The device area was ~
4x107* cm.”. Inset: showing a forward breakdown
occurred at 15 MV/ecm for the 50nm-thick

Ga203/GaN MOS.
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Prof. S. C. Wang already achieved an agreement with Prof. Yamamoto of Stanford University on

cooperation of developing next generation GaN single photon emitter. This cooperation will

support a Ph.D. student for a short study at Stanford University.
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