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Abstract

®
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The most successful example of large lattice-mismatched epitaxial growth of semiconductors is
the growth of II-nitrides on sapphire, leading to the award of the Nobel Prize in 2014 and great
success in developing InGaN-based blue emitters. However, the majority of achievements in the
field of III-nitride optoelectronics are mainly limited to polar GaN grown on c-plane (0001)
sapphire. This polar orientation poses a number of fundamental issues, such as reduced quantum
efficiency, efficiency droop, green and yellow gap in wavelength coverage, etc. To date, it is still
a great challenge to develop longer wavelength devices such as green and yellow emitters. One
clear way forward would be to grow II-nitride device structures along a semi-/non-polar
direction, in particular, a semi-polar orientation, which potentially leads to both enhanced indium
incorporation into GaN and reduced quantum confined Stark effects. This review presents recent
progress on developing semi-polar GaN overgrowth technologies on sapphire or Si substrates,
the two kinds of major substrates which are cost-effective and thus industry-compatible, and also
demonstrates the latest achievements on electrically injected InGaN emitters with long emission

wavelengths up to and including amber on overgrown semi-polar GaN. Finally, this review
presents a summary and outlook on further developments for semi-polar GaN based

optoelectronics.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The last two decades have seen major developments in III-
nitride optoelectronics on sapphire substrates. This is a result
of technological breakthroughs in the epitaxial growth of GaN
on sapphire in spite of a 16% lattice mismatch and the
achievement of both p-GaN and InGaN with great optical
performance, due essentially to the pioneering work of Aka-
saki and Amano in the late 1980s [1, 2] and Nakamura in the
early 1990s [3]. However, the great success in the field of III-
nitride optoelectronics are mainly limited to InGaN-based
blue emitters on polar GaN grown on a c-plane (0001)

0268-1242/16,/093003+-26$33.00

sapphire. More recently, there have been some impressive
results on the progress of green emitters, in spite of the dif-
ficulties in achieving emitters with an emission wavelength
above 500 nm on c-plane GaN. For instance, 524 nm laser
diodes (LDs) operating at room temperature in a continuous
wave (CW) mode have been demonstrated [4] and 531 nm
LDs operating at room temperature in a pulsed mode have
also been reported [4]. However, both green LDs and green
light emitting diodes (LEDs) on conventional c-plane GaN
generally show inferior properties compared to their coun-
terpart blue or violet LDs and LEDs. For longer wavelengths,
such as yellow or even red, the progress is even slower;

© 2016 IOP Publishing Ltd  Printed in the UK
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research on InGaN-based yellow emitters has remained on the
same level as before the year 2000 [5, 6]. These facts imply
that there exist a number of fundamental challenges ham-
pering the growth of longer wavelength emitters on c-plane
GaN. It is also extremely difficult to employ other III-V
semiconductors such as (Al,Ga,In)P to fabricate efficient
emitters in the green and yellow spectral region [7], thus
generating the so-called ‘Green/Yellow Gap’.

Longer wavelength emitters are not only important for
the fabrication of solid-state lighting devices with ultra-high
energy efficiency but also crucial for increasingly demanding
opto-genetics applications [8], the emerging technology
which combines optical and genetic methods in order to
tackle diseases such as Parkinson’s disease.

The ultimate solid-state lighting source for general illu-
mination would require a combination of different wave-
length LEDs all with high efficiency as opposed to the current
‘blue LED + yellow phosphor’ approach. In this case, a
mixture of at least either blue/yellow LEDs or blue/green/
red LEDs is required. The lighting source fabricated in such a
manner could potentially provide not only the highest effi-
ciency but also the best colour rendering. Furthermore, the
utilisation of discrete wavelength LEDs would also provide
the best approach to tuning colour temperature in order to
replicate the colour temperature of the Sun.

Visible light can be used as a genetically encoded switch
to turn neurons on or off depending on the wavelength. For
example, blue light at 470 nm can activate channelrhodopsin,
while yellow light at 570 nm can activate halorhodopsin [8].
This property is being suggested for research on epilepsy or
Parkinson’s disease, bringing new hope for patients who are
suffering from vision impairment or neurological disorders.

One of the fundamental issues that prevents longer
wavelength LEDs is the polar orientation of c-plane GaN,
leading to strain-induced piezoelectric fields across InGaN/
GaN quantum well structures as a result of the lattice-mis-
match between InGaN and GaN. Consequently, InGaN-based
emitters exhibit a reduced overlap between electron and hole
wave-functions leading to long radiative recombination times
and thus low quantum efficiency, the so-called Quantum
Confined Stark Effect (QCSE). This becomes a severe issue
for green emitters and even worse for yellow emitters as a
much higher InN fraction is required in the InGaN active
layer and thus the increased strain generates even stronger
piezoelectric fields. The reported yellow and red emitters
mentioned above were obtained by actually using the QCSE,;
a thick InGaN quantum well is used in order to enhance the
redshift in emission wavelength as a result of the induced
internal electrical fields [5, 6]. Of course, in this case, the
quantum efficiency is greatly reduced.

Another fundamental limit is due to the so-called effi-
ciency droop which occurs in all current InGaN based-LEDs
on c-plane GaN, leading to a significant reduction in internal
quantum efficiency (/QF) with increasing injection current
[9, 10]. At the drive currents required for practical applica-
tions the IQF falls by up to 50% of its peak value, resulting in
significant energy loss. This issue becomes more severe when
the emission wavelength shifts towards the green/yellow

spectral region [9]. Although the mechanism for the efficiency
droop is not yet fully understood, it is generally believed that
the QCSE plays an important role [9].

In addition to the above, the unfavourable vapour pres-
sure of indium over the compound requires a low growth
temperature for InGaN and the higher the indium content, the
lower the temperature. This has the potential to prevent
defect-free epilayers required for longer wavelength emitters
with high efficiency.

The QCSE issue also leads to a very limited bandwidth
or modulation speed when utilising white LEDs as optical
transmitters for wireless communications. An emerging
technology called visible light communication (VLC) has a
number of major advantages over the present-day radio fre-
quency (RF) based WiFi technology [11]. Simply speaking,
the maximum modulation speed or bandwidth is the inverse
of carrier recombination lifetime (7) within a LED, namely, f
~ 1/7. This carrier recombination lifetime can be expressed in
terms of radiative and non-radiative carrier recombination
lifetimes, labelled as 7,4 and T,on.rad> respectively:

-1 _ 1 -1
T = Trad + T non—rad

The typical carrier recombination lifetime of current c-
plane LEDs is ~10ns for blue and ~100ns for green,
respectively, limiting the bandwidth to the order of MHz.
Currently, an increase in bandwidth is obtained only through
sacrificing the optical efficiency of the LEDs used, i.e., to
enhance non-radiative carrier recombination by significantly
increasing injection current density in order to generate the
efficiency droop mentioned above, leading to a significant
increase in the non-radiative carrier recombination rate and
thus a reduction in total carrier recombination lifetime.
Obviously, it is not an ideal solution.

One promising way forward to overcome the funda-
mental challenges discussed above is to grow InGaN/GaN
hetero-structures along a semi- or non- polar direction which
can effectively reduce or eliminate the internal electric fields.
For example, the electric fields vanish completely if a crystal
facet is perpendicular to the c-plane. Such facets include the
(1120) and the (1010), also called the a-plane and m-plane,
respectively. Crystal planes orientated between these two
extremes (i.e., polar and non-polar) are called ‘semi-polar’
planes. In these cases, the internal fields are reduced
depending on its inclination angle with respect to the c-axis,
for example, (11-22) GaN is ~58° with respect to the c-axis,
whereas (20-21) is inclined at 75° to the c-axis. Figure 1
shows a summary of some typical semi-polar and non-polar
planes in GaN [69] and figure 2 displays piezoelectric fields
induced polarisation for InGaN with different indium com-
positions pseudomorphically grown on GaN as a function of
the angle between the substrate normal and the c-axis [32].

The earliest work on semi- or non- polar GaN was mainly
focused on calculation, reported by Takeuchi, Amano and
Akasaki [12]. They calculated the longitudinal piezoelectric
field and transition probability in a strained 3 nm InGaN/GaN
quantum well structure as a function of the polar angle from
the c-axis. Their calculation demonstrates that the highest
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Figure 1. Schematics of crystallographical planes of some typical
semi- or non- polar GaN. This figure is reproduced from [69], with
the permission of AIP Publishing.
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Figure 2. Polarisation of InGaN with different indium composition
on GaN as a function of the angle between the substrate normal and
the c-axis. This figure is modified and reproduced from [32], with the
permission of AIP Publishing.

piezoelectric field is along the (0001) direction, resulting in
the lowest transition probability which occurs in current III-
nitride devices. However, the piezoelectric field is reduced to
almost zero and the transition probability is significantly
enhanced when the crystal facets are inclined from the (0001)
direction, i.e., semi- or non- polar GaN.

McLaurin et al [13] reported a highly increased hole
concentration in a p-type m-plane GaN layer up to

7 x 10" cm ™2, almost one order of magnitude higher than
for (0001) GaN. Tsuchiya et al [14] reported a similar result
on a p-type a-plane GaN layer and showed an activation
energy of 118 meV for Mg acceptors, which is much lower
than the 150-170 meV for current GaN layers grown along
the polar (0001) direction. This may be the reason for the
highly increased hole concentration in p-type a- or m-plane
GaN. A first-principles calculation also shows that Mg atoms
can be easily incorporated into electrically active substitu-
tional lattice sites on the semi-polar (10-1-1) GaN surface
[15]. Park [16] predicted that the effective hole mass in
strained non-polar InGaN quantum wells should be smaller
than that in strained c-plane InGaN quantum wells, which
will potentially increase the hole mobility and then improve
the conductivity of p-type semi- or non-polar GaN. Clearly
these data indicate that semi- or non- polar GaN demonstrates
great potential to be fabricated into optoelectronic devices
with superior performance compared to c-plane GaN-based
emitters.

The earliest attempt at the growth of semi- or non- polar
GaN was reported by Sasaki et al [17] in 1986 just before
Akasaki and Amano published their two-step growth method.
They may not have paid much attention to whether it was
semi- or non- polar or not, but rather were looking for the best
oriented sapphire for the growth of GaN. Their conclusion
was that the lattice mismatch between (0112) sapphire and the
resultant epitaxial (2-1-10) GaN is smaller than that between
the (0001) sapphire and the (0001) GaN. The first deliberate
attempt at non-polar GaN growth was reported in 2000 [18].
In this case, the substrate was LiAlO, and the deposition
technique was molecular beam epitaxy (MBE). The growth of
GaN on LiAIO, substrates via the much more common
technique of metalorganic vapour phase epitaxy (MOVPE) is
difficult due to the high diffusivity of Li and Al atoms at the
high temperature required for the growth of Ill-nitrides.

The great academic and commercial success achieved by
the growth of c-plane GaN on (0001) sapphire and the
potential gains to be had by looking at other orientations have
encouraged scientists to study the growth of semi- or non-
polar GaN on sapphire or Si. It has been found that semi- or
non- polar GaN can indeed be obtained by growing GaN on r-
plane or m-plane sapphire using the classic two-step growth
approach. Conversely it has been found that it is extremely
difficult to achieve semi- or non- polar GaN on any planar Si
substrate [19]. Atomically flat surfaces have been achieved on
r-plane or m-plane sapphire by means of the classic two-step
approach or a high temperature AIN buffer method [33], but
the crystal quality of the epi-layer is far from the requirements
for the growth of any device structures; the full width at half
maximum (FWHM) of x-ray diffraction rocking curves is
typically 0.2-0.3° compared with just 0.08° for c-plane GaN
on sapphire.

Unlike c-plane GaN grown on sapphire, another issue for
semi- or non- polar GaN is the high density of stacking faults
in addition to dislocations. In c-plane polar GaN, stacking
faults are restricted to the interface between the GaN and
sapphire and furthermore are perpendicular to the growth
direction. Consequently, the stacking faults cannot extend to
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the surface and thus there is no concern about the influence of
stacking faults on device performance. However, the stacking
fault planes are parallel to the growth direction in non-polar
GaN, or inclined to the growth direction in semi-polar GaN.
As a consequence, they can pass through all the upper layers
and finally extend to the surface of any device structure. Both
dislocations and stacking faults are supposed to affect both
the electrical and optical performance of semi- or non- polar
GaN-based optoelectronics.

Right now, we have understood that it would be
impossible to achieve semi- or non- polar GaN with device
quality directly grown on any planar non c-plane foreign
substrates, implying that the growth of c-plane GaN on
(0001) sapphire (lowest index surface) would be a unique
success for current GaN-based optoelectronics achieved on
(0001) sapphire.

So far, all semi- or non- polar InGaN-based emitters with
the best performance including blue/green LDs are grown on
free-standing semi-/non- polar GaN substrates [20-24].
These free standing substrates are obtained by means of
growing a polar c-plane GaN layer on sapphire to a thickness
of up to 10 mm by a hydride vapour phase epitaxy (HVPE)
technique and then slicing along a semi- or non- polar
orientation [25-27]. As a result, these free-standing substrates
are limited to a typical size of 10 x 10 mm? and are also
extremely expensive. So far, by this method a few companies
such as Mitsubishi Chemical Corporation (MCC) and Fur-
akawa Company Ltd can provide free-standing semi- or non-
polar GaN substrates. In addition to the HVPE techniques, an
ammono-thermal growth technique has been developed and
has the potential to lead to GaN with larger dimensions, thus
increasing the size of free-standing semi- or non- polar GaN
substrates. Recently, AMMONO has reported their latest
result of an m-plane GaN substrate with a diameter of 1 inch
(26 x 26 mm?) using the ammono-thermal growth technique.
In spite of the extremely high price of free-standing semi- and
non-polar GaN substrates, they have found some niche
applications, such as the growth of laser structures. However,
ultimately it is necessary to develop cost-effective semi- or
non- polar GaN on >2 inch substrates in order to meet the
industrial requirements for the growth of LED structures. To
this end, a start-up company in the UK, Seren Photonics Ltd,
has started to ship 2 inch semi-polar GaN templates on sap-
phire at a fraction of the cost of free standing material.

This topical review starts by presenting the background
to the development of semi-polar GaN and the major
advantages of semi-polar GaN compared with c-plane GaN.
The second section details a number of the challenges in the
epitaxial growth of semi-polar GaN on foreign substrates and
specifically highlights why overgrowth techniques are parti-
cularly suitable for the epitaxial growth of semi-polar GaN. A
number of overgrowth techniques for semi-polar GaN on
sapphire and on Si will be discussed. A detailed structural
investigation of semi-polar GaN, including the mechanisms
for defect reduction, will be provided based on x-ray and high
resolution Transmission Electron Microscopy (TEM) mea-
surements. As already mentioned, semi- and non-polar GaN
also contains another kind of major defect, the Basal Stacking

Faults (BSFs) which are not an issue for c-plane material. A
specific subsection will be devoted to the study of BSFs. A
comparative study of the optical properties of InGaN quantum
well structures on semi-polar GaN with their counterparts on
c-plane GaN will be made, concentrating on the long wave-
length spectral region. The review will also demonstrate the
latest achievements on electrically injected InGaN emitters
with long emission wavelengths (up to amber) on overgrown
semi-polar GaN templates. Finally, the review will provide a
summary and outlook on further developments for semi-polar
GaN based optoelectronics.

2. Current status of development of semi-polar GaN

InGaN alloys have direct bandgaps across the entire compo-
sition range from 0.7 eV for InN to 3.43 eV for GaN, trans-
cending the complete visible spectrum, part of the ultraviolet
(UV) and part of the infrared. In theory, InGaN could replace
most other III-V semiconductors in terms of bandgap range.
To achieve long wavelength emission requires InGaN with
high indium content, typically >20%. Unfortunately, it is a
great challenge to obtain InGaN with both high indium con-
tent and high optical performance on c-plane GaN. This is
because the typical approach to obtaining high indium content
is to lower the growth temperature, which is not ideal as it
leads to a reduction in crystal quality. Another solution is to
grow InGaN on a relaxed layer. It has been reported that
stress can change the vapour-solid thermodynamic equili-
brium, reducing the solid-phase epitaxial composition
towards lattice-matched conditions and thus limiting indium
incorporation into GaN [28-31]. Therefore, growth on a
relaxed layer would help to increase indium content. How-
ever, a relaxed layer is normally formed at the expense of
defects generated in hetero-structures [31], and thus, although
this idea is currently used for the growth of contemporary
green emitters on c-plane GaN, it is ultimately not an ideal
solution.

In addition to the challenge in achieving high crystal
quality as a result of the substrate issue, the formation
mechanism of InGaN alloys is complicated, in particular, for
high indium content InGaN. The In-N bond is ~11% longer
than the Ga-N bond, leading to a strained repulsive interaction
between incorporated indium atoms on a surface. Northrup’s
first-principles calculation demonstrates that indium chemical
potential required for the incorporation of indium atoms
depends on surface structure [32]. On a semi-polar GaN
surface, such as (11-22), the incorporated indium atoms have
lower repulsive interaction than those on non-polar or polar
surfaces and thus the incorporation of indium atoms can be
obtained at a significantly lower indium chemical potential
than is required for the incorporation of indium on either non-
polar or polar surfaces. It means that semi-polar GaN surfaces
can accommodate more indium atoms than either non-polar or
polar surfaces, leading to more favourable growth of InGaN
with high indium content than that on either non-polar or
polar surfaces. This also implies that the growth of InGaN
with high indium content could be potentially performed at a
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Table 1. Inclination angle of semi-polar GaN with respect to c-plane GaN.

Semi-polar GaN  Angle to c-plane GaN  Planar substrates

Patterned substrates

(10-11) 62 (100) spinel [36]; (001) Si [37, 38];
(30-38) 4H-SiC [35]; (11-23) sapphire [39];
(10-12) 43 (001) Si with 2°-6° off-axis [40]; No report
(10-13) 32 (110) spinel [36]; No report
m-plane sapphire [41-43];
(001) Si [44];
(10-15) 18 (113) Si [45]; No report
(10-16) 26 (112) Si [40]; No report
(11-22) 58 m-plane sapphire; r-plane sapphire [47-53];
(113) Si [54-56];
(20-21) 75 No report (22-43) sapphire [57, 58];
(114) Si with 1° off-axis [59];
(30-3-1) 80 No report No report

relatively high temperature on semi-polar GaN which is
helpful for improving the crystal quality of the InGaN.

Comparing indium incorporation on non-polar and polar
GaN surfaces, it has been reported that indium incorporation
efficiency on a non-polar surface is 2 or 3 times less than that
on a c-plane polar GaN [31].

Clearly, it would be more favourable to grow long
wavelength emitters on a semi-polar GaN surface than on any
other orientation. To date, a number of semi-polar GaN planes
with a wide range of inclination angles to the c-plane GaN
have been reported upon.

Table 1 summarises all the planar or patterned substrates
on which semi-polar GaN has been directly grown to date.
Although a number of semi-polar GaN planes have been
reported, only a few kinds of semi-polar GaN can be directly
grown on planar substrates such as sapphire, which is com-
mercially available and industry compatible. (11-22) or (10-
13) GaN can be directly grown on planar m-plane sapphire
substrates, depending on the nitridation conditions [34]. A
high temperature sapphire nitridation process generally leads
to the formation of (10-13) GaN, while a low temperature
nitridation process favours the growth of (11-22) GaN. (10-
13) GaN grown on sapphire typically suffers from intrinsic
surface problems, such as the formation of micro-twining
structures during the growth which may not be good for
further growth of device structures, while (11-22) GaN shows
a smooth surface.

In 2005, the team at Meiji University reported (10-11)
GaN directly grown on planar (30-38) 4H-SiC substrates [35].
However, since then no further progress has been reported,
possibly implying major challenges which cannot be
resolved. Baker er al [36] reported (10-1-1) and (10-1-3)
semi-polar GaN directly grown on different kinds of planar
spinel (MgAl,O4) substrates, namely, (10-1-1) semi-polar
GaN on (100) spinel and (10-1-3) semi-polar GaN on (110)
spinel, respectively.

It is difficult to grow semi-polar GaN on any planar Si
substrate, in particular, the growth of semi-polar GaN with a
high inclination angle to c-plane for which Si substrates with
a high index are required as shown in table 2 [19]. It is well-

known that the growth on high index Si substrates generally
poses great challenges in achieving high crystal quality.

Some semi-polar GaN on foreign substrates can be
achieved only through growth on patterned substrates, for
example, (20-21) semi-polar GaN. (20-21) semi-polar GaN is
obtained predominately by growth of a very thick c-plane
GaN by the HVPE technique and then slicing it along the
orientation as discussed above. However, recently, there are a
few reports on the growth of (20-21) semi-polar GaN on
patterned (22-43) sapphire [57, 58] or patterned (114) Si cut
at 1° off-axis [59]; although in both cases the research is in its
infancy and thus they also suffer from a number of growth
difficulties including surface morphology. For the former the
major disadvantage would be the great challenges in fabri-
cating patterned (22—43) sapphire with a specific groove angle
which can meet the requirements to achieve (20-21) GaN by
selective growth.

Currently (30-3-1) semi-polar GaN is only available in
the form of free standing and small substrates obtained by
slicing a thick HVPE c-plane GaN layer grown on sap-
phire [60].

2.1. Indium incorporation into GaN on semi-polar GaN
surfaces

It has been accepted that the inclination angle to the c-plane
GaN would have to be around 45°-60° or higher in order to
maximise the advantages of semi-polar GaN in terms of
optical performance. Overall, it has been understood that (11-
22) GaN and (20-21) GaN are the two most promising planes
among the various semi-polar planes used as the substrates for
the growth of semi-polar GaN LEDs and LDs. (11-22) GaN
and (20-21) GaN have different advantages and can be used
for the growth of optoelectronics with different applications.

A systematic study of indium incorporation into GaN as a
function of semi-polar GaN planes has been performed by
Wernicke et al [61] who have investigated the optical per-
formance of a number of InGaN/GaN multiple quantum well
(MQW) structures on various free-standing semi-polar GaN
substrates, namely, (10-11), (10-12), (11-22) and (20-21). The
results have been compared with the InGaN/GaN MQWs
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grown on c-plane GaN substrates, demonstrating that an
indium incorporation as a function of semi-polar GaN planes
can be described as [61]:

(10—11) > (11—-22) > (0001) = (20—21) = (10—12)

Through a wide range of growth temperatures, indium
incorporation on both (10-11) GaN and (11-22) GaN are
significantly enhanced compared with those on the c-plane
GaN, while other semi-polar GaN planes including (20-21)
are not particularly good for enhancing indium incorporation.
Consequently, this makes both (10-11) GaN and (11-22) GaN
extremely important for the growth of longer wavelength such
as green and yellow emitters in order to overcome the green/
yellow gap. However, (10-11) GaN suffers from a surface
morphology issue naturally forming hillocks during its epi-
taxial growth [27], while there is no such a problem for (11-
22) GaN. So far, it is unclear whether the surface issue of (10-
11) GaN is due to intrinsic problems or growth techniques
used. Overall, this currently leaves only one option for the
growth of longer wavelength emitters in terms of semi-polar
GaN orientation; (11-22) GaN.

Further evidence has been provided by Zhao et al [62].
They performed a systematic study on comparing the indium
incorporation rate on different semi-polar GaN surfaces, (11-
22), (20-21), and (30-3-1), showing different emission
wavelengths of InGaN quantum well structures grown under
identical conditions as displayed in figure 3. Throughout a
wide range of growth conditions (11-22) GaN leads to longest
emission wavelength. For example, the LEDs grown on the
(20-2-1) GaN and the (20-21) GaN show 470 nm and 438 nm
emission, respectively, while the LEDs grown on the (11-22)
GaN leads to 490 nm emission. The shortest wavelength is
from the LEDs grown on the (30-3-1) GaN. This further
strengthens the advantages of using (11-22) GaN for the
growth of longer wavelength emitters.

Generally speaking, it has been widely recognised that
nitrogen-polar GaN has to be avoided due to a number of
disadvantages, such as severe surface issues, chemical
instability, etc. However, the nitrogen-polar orientation of
GaN also exhibits two major advantages in terms of enhanced
indium incorporation efficiency and reduced QCSE. In the
case of Ga-polar GaN, indium species only weakly interact
with indium and gallium surface atoms and thus the growth of
high indium content layers generally requires a low growth
temperature. In contrast, nitrogen surface atoms lead to the
formation of stronger In—-N bond in the case of nitrogen-polar
GaN and as a result high indium content can be possibly
achieved at an elevated growth temperature. Another advan-
tage is due to the reverse direction of the polarization in
nitrogen-polar InGaN compared with Ga (or In)-polar InGaN.
As a consequence, a nitrogen-polar device potentially leads to
reduced QCSE across the InGaN quantum wells during an
electrical operation, while a Ga-polar emitter requests an
increase in forward bias voltage, increasing the electric field
across the InGaN quantum wells and further enhancing the
QCSE. This would become more distinguished for InGaN
emitters with longer emission wavelength. So far,
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Figure 3. Electro-luminescence emission peaks of InGaN-based
LEDs as a function of TMIn (Indium precursor) flow rate grown on
different semi-polar GaN surfaces. This figure is reproduced from
[62], with the permission of AIP Publishing.

unfortunately, there are a very limited number of reports
[108, 109], although nitrogen green LEDs with an emission
wavelength of 540 nm were demonstrated in 2011 [109].
Since then, there are no further reports, implying that great
challenges in growth would need to be overcome.

2.2. Exitonic dynamic properties of InGaN MQWs on different
semi-polar GaN surfaces

A few teams have performed an exitonic dynamic study of
InGaN quantum well structures grown on different semi-polar
GaN surfaces, typically, (20-21) and (11-22), showing a
significant difference between them. Such a study would be
extremely important for practical applications such as VLC,
as the maximum modulation speed or bandwidth is the
inverse of the carrier recombination lifetime (7) of LEDs.
Funato et al [63] performed time-resolved photo-
luminescence (TRPL) measurements on an InGaN single
quantum well (SQW) structure with an emission wavelength
of around 530 nm grown on semi-polar (20-21) GaN sub-
strates with a threading dislocation (TD) density of
<1 x 10%cm™2; such a low dislocation density could exclude
any influence of dislocations on optical properties. The
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Table 2. c-axis tilt angle of GaN with respect to the surface normal [19].
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Figure 4. TRPL decay trace of (20-21) InGaN SQW measured at 6 K
[63]. Copyright 2010 The Japan Society of Applied Physics.

sample structure used consists of a 2 ym thick n-type GaN
buffer layer directly grown on the GaN substrates, a 100 nm
thick undoped InGaN pre-layer with low indium content and
finally an InGaN SQW where a 3 nm InGaN quantum well is
sandwiched between a 15 nm undoped GaN barrier and 10 nm
undoped GaN capping layer. Figure 4 shows the PL decay
curve of the InGaN SQW structure measured at 6 K. From
figure 4, a radiative recombination lifetime of 3.1 ns has been
obtained and is much shorter than a typical radiative recom-
bination lifetime of ~85.0ns for a green InGaN MQW
structure grown on c-plane GaN, demonstrating a significant
reduction in piezoelectric fields on the (20-21) plane.

A team at the University of Sheffield has performed
TRPL measurements on green InGaN MQW structures grown
on their overgrown (11-22) GaN templates with significantly
improved crystal quality, achieved by using a self-organised
nickel nano mask approach [64]. The sample consists of
three-period 3 nm InGaN MQWs with an emission wave-
length of ~530 nm, similar to the above (20-21) SQW
structure. The TRPL measurements were performed at 77 K,
showing a radiative recombination lifetime of less than 1 ns.
This is significantly shorter than that of the (20-21) SQW
structure with a similar emission wavelength. This implies
that the (11-22) GaN is more favourable for the fabrication of
LEDs for the VLC applications than (20-21) GaN. Very
similar results have also been reported by Kawakami’s group
[65], although they performed TRPL measurements on an
InGaN quantum well structure with lower indium composi-
tion (428 nm) grown on (11-22) GaN substrates, measured at
10 K. They reported a radiative recombination lifetime (fast
decay component) of only 46 ps. This would be excellent for

21 24 21 24
Energy (eV) Energy (eV)

Figure 5. PL decay time as a function of emission energy for two
polar (0001) and two semi-polar (11-2 2) InGaN/ GaN MQW
samples with different emission wavelengths measured at 7 K. The
red lines are the fitting results. This figure is reproduced from [64],
with the permission of AIP Publishing.

the fabrication of LEDs for VLC applications, potentially
leading to modulation speeds of up to 20 GHz.

Previously we have understood that the large immisci-
bility between GaN and InN leads to phase separation
induced indium fluctuation in InGaN alloys when the indium
content exceeds 6% [66]. This is expected to become more
severe in InGaN alloys with higher indium content required
for the growth of green or yellow emitters. The indium
fluctuation induced localisation effect has been accepted to
play an important role in preventing carrier diffusion to non-
radiative centres, thus leading to enhanced optical efficiency
even though a high density of dislocations exist in c-plane
GaN grown on sapphire. This is one of the keys to achieving
great success with blue LEDs. However, the inhomogeneity
also has some negative influence on the optical properties of
InGaN-based optoelectronics due to disturbing uniform
population inversion, leading to an increase in the threshold
current of LDs.

The carrier localization of InGaN quantum well struc-
tures can be studied by using wavelength-dependent TRPL
measurements [67]. The carrier recombination lifetime
decreases with increasing detection energy, indicating the
existence of localized excitons in exponential-tail density of
states [67]. This can be described by:

E—-FE,
T = Trad/|:l + exp(E—)]
0

where 7,q and E,, are the radiative lifetime and the energy of
the mobility edge respectively; E, represents the exciton
localization depth.

Figure 5 presents the fast decay lifetime as a function of
the monitored photon energy of a green and another dark blue
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Figure 6. PL spectra and energy dependence of the PL lifetime,
measured at 6 K (a) and 300 K (b) [63]. Copyright 2010 The Japan
Society of Applied Physics.

InGaN MQW samples on (11-22) GaN templates measured at
7K. Two c-plane samples with similar emission wavelengths
are used for reference. The obtained localization depths are
30meV and 23 meV for the c-plane green sample with an
emission wavelength of 538 nm and the c-plane blue sample
with an emission wavelength 490 nm, respectively, while the
localization depths are 45 meV for the 534 nm green semi-
polar sample, and 42 meV for the 497 nm blueish semi-polar
sample, respectively. This indicates that (11-22) semi-polar
GaN leads to enhanced indium fluctuation compared with c-
plane GaN.

Funato et al [63] studied the exciton localization of a
green InGaN quantum well structure grown on (20-21) GaN.
Figure 6 shows the PL spectra and energy dependence of the
PL lifetime, measured at 6 and 300 K respectively. Once
again, Ej has been obtained and is 15.1 meV, which is much
smaller than that of the green InGaN MQWs on c-plane GaN.
Furthermore, the PL lifetime starts to decrease at ~150 K
(~13 meV) and then disappears at RT as shown in figure 6(b),
indicating that the carriers/excitons are delocalised from the
localization states with a depth of 15meV. These data
demonstrate that higher homogeneity of indium composition
can be achieved on a (20-21) GaN surface even in the green
region than that on the other planes. This has been further
supported by measuring the FWHM of the electro-lumines-
cence (EL) spectra of InGaN quantum well based LEDs
grown on different GaN surfaces as shown in figure 7. From
this figure it is clear that the LEDs grown on (20-21) GaN
have narrower FWHM of EL spectrum than the LEDs grown
on (11-22) GaN throughout a wide range of emission wave-
lengths [68].

In a general sense, (20-21) GaN demonstrates great
potential to achieve laser diodes with a low threshold in terms
of indium homogeneity. However, in terms of indium incor-
poration efficiency, it seems that (20-21) GaN does not show
more advantages compared with c-plane GaN as discussed in
section 2.1. The longest lasing wavelength, which is 531 nm,
has been achieved on both (20-21) GaN and c-plane GaN
substrates both operating only in a pulsed mode [4, 21].
Furthermore, the threshold current density for lasing in both
cases are very similar. The threshold current densities of the
531 nm green LD on c-plane (0001) GaN substrates and (20-
21) GaN substrates are 18 KA cm 2 and 15.4KA cmfz,
respectively. However, there is a significant difference in wall
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Figure 7. FWHM of the EL spectra of InGaN LEDs grown on
different GaN surfaces throughout a wide range of emission
wavelengths [68]. Copyright 2014 The Japan Society of Applied
Physics.

plug efficiency of the green LDs grown on (20-21) GaN and
c-plane GaN. Typically, the green LDs with an emission
wavelength range from 525 to 532 nm grown on (20-21) GaN
show wall plug efficiencies of 7.0%—-8.9%, which are much
higher than 2%-3% for c-plane LDs with similar wave-
lengths. Of course, due to the higher wall plug efficiency the
green LDs grown on (20-21) GaN exhibit longer lifetimes
than those grown on c-plane GaN.

The above data demonstrate that (20-21) GaN is an
alternative and better option for developing green LDs, but
does not show any major advantages in terms of developing
even longer wavelength LDs such as yellow or amber. In this
case, the only option is (11-22) GaN, although considerable
effort needs to be devoted in terms of developing growth
techniques.

In order to reduce the composition fluctuations, a more
appropriate design of an InGaN quantum well and an
improvement in growth techniques on (11-22) GaN are nee-
ded, such as tuning quantum well thickness using InGaN as a
barrier, etc.

2.3. Other issues on (11-22) GaN and (20-21) GaN

There are some other issues relating to (11-22) GaN and (20-
21) GaN, e.g. in both cases the basal plane is inclined with
respect to the growth direction, leading to considerably large
resolved shear stress on the basal (0001) plane in the growth
of hetero-structures such as InGaN/GaN or AlGaN/GaN
quantum well structures as a result of their lattice-mismatch.
This will be expected to generate misfit dislocations.
Romanov et al [69] calculated a shear stress as a function
of the inclination angle of semi-polar GaN for two cases;
InGaN on GaN and AlGaN on GaN. This is depicted in
figure 8. The calculation performed is based on a misfit
parameter, which in return depends on the inclination angle.
Figure 8 indicates that the highest resolved shear stress occurs
to (10-12) GaN, for which the inclination angle is 43°. The
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Figure 8. Shear stress of InGaN or AlGaN on the GaN surface as a
function of the angle between substrate normal and the c-axis. This
figure is reproduced from [69], with the permission of AIP
Publishing.
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Figure 9. Critical thickness of InGaN or AlGaN on a (11-22) and
(20-21) GaN surface as a function of alloy composition [70].
Copyright 2010 The Japan Society of Applied Physics.

resolved shear stress for (11-22) GaN is larger than that for
(20-21) GaN. Correspondingly, the critical thicknesses
labelled as A, for stress relaxation via the formation of misfit
dislocation is expected to be different, also depending on the
inclination angle. Larger resolved shear stress generally leads
to a thinner critical thickness. This has been confirmed
experimentally and theoretically by Yong et al [70]. Figure 9
shows a thinner critical thickness of either InGaN or AlGaN
grown on (11-22) GaN than those grown on (20-21) GaN.
Therefore, we need to pay attention when designing InGaN
MQWs grown on (11-22) or (20-21) GaN in order to elim-
inate the formation of misfit dislocations. In order to increase
the critical thickness, an InGaN buffer layer with low indium
content or In,Ga; ,N: well/InyGa,_yN: barrier would be
necessary.

In addition to the above issues discussed in sections 2.1
and 2.2, very recent and detailed studies based on TEM
indicate that there exists atomic-scale nano-facets at the
interface of InGaN quantum wells and GaN barriers grown on
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Figure 10. Schematic illustration of nano-facets appearing during the
growth of InGaN quantum wells on (20-21) GaN. Reproduced with
permission from Elsevier [71].

(20-21) GaN [71, 72]. These nano-facets mainly consist of
(10-10), (10-1-1) and (10-11) facets as schematically illu-
strated in figure 10. These nano-facets lead to significant
fluctuations in quantum well thickness and the dimensionality
of excitons. As a result, the carrier distribution and recom-
bination process will be affected, including a large wave-
length shift and a broadened spectral linewidth. So far, there
is no report of such a phenomenon on (11-22) GaN, which
gives another advantage compared with (20-21) GaN.

Overall, in terms of the growth of longer wavelength
devices such as yellow or even red emitters including both
LEDs and LDs, (11-22) GaN would be the most promising
candidate, although a number of great challenges still exist,
which could be potentially resolved through improving
growth techniques and structure design. Furthermore, (11-22)
GaN can be grown directly on planar sapphire, which is a
great advantage to the commercial adoption of this
technology.

3. Selective overgrowth of semi-polar GaN on
sapphire and Si

Generally speaking, the (11-22) semi-polar GaN directly
grown on planar sapphire substrates exhibits both a high
density of dislocations and a high density of BSFs, typically
>10""cm 2 and between 10° cm '—10" cm ™', respectively.
On the other hand, it would be impractical to use tiny and
very expensive free-standing GaN as substrates, in particular,
for the growth of LEDs. The growth of semi-polar GaN
derived LEDs has to be based on sapphire or Si substrates if it
is to be commercially attractive. Therefore, a cost-effective
growth technology which would be accepted by industry is
essential.

From the point of view of fundamental epitaxial growth,
it would be favourable to perform growth on low index sur-
faces, as it potentially leads to high crystal quality. As already
discussed, it is extremely difficult to obtain high crystal
quality semi-polar (11-22) GaN grown directly on standard
m-plane sapphire. However, if it were possible to grow (11-
22) GaN on an inclined or titled (0001) surface in order to
make the in-plane with ~58° to the c-axis, the epitaxial
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Figure 11. Plane and cross-sectional SEM images and cross-
sectional TEM images of the ELOG samples with SiO, stripes
oriented along the [1-210] a-axis (a), (b), (c), and the [0001] c-axis
(e), (d), (f). This figure is reproduced from [73], with the permission
of AIP Publishing.

growth would become straightforward as we are very familiar
with c-plane GaN growth. Consequently, we might expect
that the crystal quality of (11-22) GaN grown in such a way
would be equivalent to that of its c-plane counterpart. Simply
speaking, this is a kind of lateral epitaxial growth. Therefore,
such lateral epitaxial growth is a favoured mode for the
growth of any semi-polar or non-polar GaN, including epi-
taxial lateral overgrowth (ELOG) and lateral epitaxial growth
on patterned substrates.

3.1. Conventional ELOG of semi-polar GaN

ELOG techniques have been developed for some time and
have been successfully applied in the growth of c-plane GaN
on sapphire, leading to a significant improvement in crystal
quality. This has led to great success in achieving InGaN-
based blue LDs. Of course, the ELOG techniques can also be
applied in the growth of semi-polar GaN. Ni et al [73]
reported ELOG of (11-22) semi-polar GaN on m-plane sap-
phire using an identical approach to that for the ELOG of c-
plane GaN. A thin SiO, layer was initially deposited on a
standard (11-22) semi-polar GaN template directly grown on
m-plane sapphire. The standard semi-polar GaN template can
be obtained using the classical two-step growth method and
thus it shows a very broad x-ray rocking curve, indicating a
high density of defects as expected. A standard lithography
technique was then used to transfer a stripe mask pattern on
the surface of the GaN template in order to form 10 ym SiO,
stripes with 4 ym windows. Two orientations of SiO, stripes
have been employed in order to make a comparison; one
along the [1-210] a-axis and another along the [0001] c-axis
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of the sapphire substrate. Figure 11 shows the plane and
cross-sectional Scanning Electron Microscopy (SEM) images,
and cross-sectional TEM images of these two ELOG samples,
demonstrating that significant differences exist between them.
Figure 11(b) shows that the ELOG technique leads to the
formation of c-plane and a-plane GaN facets. The c-plane
GaN facet clearly exhibits an inclination angle of 32° with
respect to the substrate surface. Furthermore, figure 11(b) also
confirms that the growth rate of c-plane GaN is much faster
than that in other directions, leading to the growth of the c-
plane GaN extending over the SiO, masks, while the lateral
growth rate of the a-plane GaN is very slow. The TEM image
in figure 11(c) indicates that both the dislocation density and
the BSF density are significantly reduced in the wing-regions
as a result of growth of the c-plane GaN extending over the
SiO, masks. In the window regions, as expected both the
dislocations and the BSFs penetrate from the semi-polar GaN
template to the overlying layers. For the SiO, mask stripes
oriented along the c-axis of the sapphire substrate, the lateral
overgrowth should progress along the m-axis of GaN. The
growth rate along the m-axis is very slow. Consequently, it
would not be helpful for blocking the penetration of defects.
Furthermore, figure 11(e) indicates that the growth along the
m-axis leads to the formation of two (10-11) planes each
inclining 26° to the substrate plane. The TEM study as shown
in figure 11(f) indicates that neither dislocations nor BSFs can
be blocked effectively.

Very recently, Song et al [74] employed the same ELOG
technique to study the growth of semi-polar (11-22) GaN as a
function of the SiO, stripe width of up to 12 ym. Similarly,
they used a three-step procedure for their ELOG. The first
step aims to form the seed GaN layer in the window regions,
the second step is to enhance coalescence and the final step is
to planarize the material.

For each of the different steps, the growth pressure and V/
III ratio used are different. In order to achieve a coalesced and
smooth surface, their overgrown layers were very thick, around
10 ym. Some impressive results have been achieved, showing
that the crystal quality depends on the stripe width. Figure 12
displays the FWHM of x-ray diffraction (XRD) rocking curves
measured along two typical directions, [-1-123] and [1-100], as
a function of stripe width. When the stripe width increases
from 6 to 10 yum, the FWHMSs show a significant reduction.
Any further increase in stripe width beyond 10 gm is not
helpful for further improvement in crystal quality. However, it
is worth highlighting that an increase in stripe width leads to
challenges in coalescence and thus surface roughness issues.
Figure 13 displays surface roughness as a function of stripe
width, indicating that the surface roughness significantly
increases with increasing stripe width. Atomic Force Micro-
scopy (AFM) measurements as shown in the inset of figure 13
indicate that the roughness is clearly different between wing
regions and window regions.

The ELOG technique has an intrinsic non-uniformity
issue in both surface morphology and crystal quality and
consequently optical property. The PL measurements show a
massive difference between wing regions and window
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Figure 14. Schematic of patterned r-plane sapphire for growth of
(11-22) GaN [50]. Copyright 2009 The Japan Society of Applied
Physics.

regions, typically two-orders of magnitude higher PL inten-
sity in the wing region than in the window regions.

3.2. Selective growth on patterned substrates

As discussed in the introduction of section 2, it would make
the growth of semi-polar (11-22) GaN easy if we could
manage to perform such growth on an inclined (0001) sur-
face, while the (0001) surface has to incline with an angle of
~58° to the substrate surface. Okada et al [50] proposed to
grow semi-polar (11-22) GaN on patterned r-plane sapphire,
as schematically illustrated in figure 14.

For r-plane sapphire, the angle between the c-axis and
the r-axis is 57.6°, which is very close to 58.4°, the angle
between the GaN (11-22) plane and the GaN c-plane.
Therefore, (11-22) GaN can be formed along the vertical
direction if the GaN growth takes place only on the c-plane
surface of the r-plane sapphire as shown in figure 14. In this
case, the key issue is to achieve a special grooved pattern with
the particular inclination angle, where the c-plane-like sap-
phire sidewalls can be formed and then the GaN can be grown
on the c-plane-like sapphire sidewalls. In principal, it is
equivalent to the growth of c-plane GaN on (0001) sapphire
surface, which inclines to the vertical direction by 57.6°.

Such r-plane sapphire with regularly grooved patterns
can be fabricated by combining standard photolithography
and dry-etching techniques using inductively coupled plasma
(ICP) or reactive ion etching (RIE). The semi-polar (11-22)
GaN can be obtained by performing growth on such patterned
r-plane sapphire using the classic two-step growth method,
i.e., a thin low temperature (LT) nucleation layer followed by
a high temperature annealing process and then high temper-
ature growth. Careful optimisation of growth conditions is
required in order to avoid growth occurring on both c-plane
sapphire sidewalls and r-plane surface. High temperature,
high pressure and low V/III ratio are favourable for growth
on the c-plane sapphire sidewalls.

The high temperature annealing process after the
deposition of the LT nucleation layer makes the thin
nucleation layer predominantly cover the c-plane-like sap-
phire sidewalls. This high temperature annealing process also
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Figure 15. Cross-sectional SEM images and x-ray data for semi-
polar (11-22) GaN grown on the patterned r-plane sapphire grown at
(a) 1000 °C and (b) 900 °C [50]. Copyright 2009 The Japan Society
of Applied Physics.

makes the LT nucleation layer deposited on the other planes
mass-transport to the c-plane-like sapphire sidewalls. As a
result, the growth of c-plane GaN on the c-plane-like sapphire
sidewall, i.e., (11-22) oriented GaN, is enhanced. It is well-
known that the c-plane GaN grown on c-plane-like sapphire
is thermodynamically more stable than that of a-plane GaN
grown on r-plane sapphire surface. Therefore, a high growth
temperature is expected to not only effectively enhance the
growth of the c-plane GaN on c-plane-like sapphire, but also
to suppress the growth of a-plane GaN on the r-plane sap-
phire surface. Figure 15 confirms this conclusion by
demonstrating that the growth at 1000 °C leads to the for-
mation of a smooth surface and singular semi-polar (11-22)
GaN, while both the a-plane GaN and c-plane GaN are
formed when the growth is performed at 900 °C, leading to a
rough surface.

It is worth highlighting that a fairly large angle exists,
approximately 12.4°, between the inclined c-plane-like side-
walls and the c-plane of the r-plane sapphire substrate. As a
result, major defects may be generated and thus further
optimisation in fabricating such grooved patterns is necessary.
Due to the intrinsic chemical inertness of sapphire, it would
not be easy to control the inclination angle of the formed c-
plane-like sidewalls by a standard dry-etching technique.

The growth of semi-polar (11-22) GaN was first
demonstrated by Chen et al [46] who reported the fabrication
of such grooved patterns on r-plane sapphire using a chemical
wet-etching process. A SiO, mask, with 6 um window
regions and 1 ym mask regions, orientated along the [11-20]
direction was deposited on r-plane sapphire using a standard
photolithography technique. A H3;POj-based solution was
then used to selectively etch the patterned sapphire substrates
at 300 °C for 5 min. Finally a buffered oxide etch solution
(NH4F:HF = 6:1) was employed in order to remove the SiO,
mask for subsequent epitaxial growth. Figure 16 shows the
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Figure 16. SEM image of the patterned r-plane sapphire fabricated
using anisotropic wet-etching. This figure is reproduced from [46],
with the permission of AIP Publishing.

patterned r-plane sapphire, demonstrating that the etched
planes consist of (0001) and (1-101) facets on each side of the
striped mesa. Although GaN is grown on both etched facets
and the bottom (1-102) facet, leading to the formation of GaN
with multiple planes, the part of the grown GaN on the
inclined (0001) sapphire has been confirmed to be (11-
22) GaN.

Tendille et al [52] have further improved the fabrication
of patterned r-plane sapphire and have also optimised the
selective growth process. They employed a similar wet-
etching technique for the fabrication of the patterned r-plane
sapphire, namely, fabrication of SiO, stripes consisting of
3 pm SiO, mask regions and 7 um window regions, orien-
tated along the [11-20] direction of the m-plane sapphire
using standard photolithography. An anisotropic chemical
wet-etching is then used to etch the sapphire into the grooved
patterns by a mixture of H;PO, and H,SO, with a ratio of 1:3
at 270 °C for 30 min, leading to the formation of two inclined
facets on each side of the SiO, stripes, the c-plane and (1-
101) facets. Due to the long duration of wet-etching at the
high temperature, each SiO, stripe has overhanging parts
which need to be carefully removed before further growth.
The remained SiO, masks are expected to completely block
the growth of (11-20) GaN on the r-sapphire surface. As with
the growth performed by Okada et al, a three-step growth
procedure is used in order to form a smooth surface, namely,
an initial growth for the selective growth on the inclined c-
plane sapphire, followed by lateral growth for extending c-
plane GaN to overlie the defect region (formed during the first
step) and the final planarization/coalescence step, as shown
in figure 17. In this case, a thick layer of about 10 um is
required and impressive results have been obtained; a sig-
nificant improvement in crystal quality is achieved and con-
firmed by detailed XRD rocking curve measurements as
displayed in figure 18. The FWHMs of the XRD rocking
curve along the [11-2-3] direction and the [1100] direction
are down to 326 and 249 arcseconds, respectively.

Such an anisotropic wet-etching process needs to be
performed at a high temperature for a long time, potentially
leading to a great challenge in fabrication of patterned r-plane
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Figure 17. Cross-sectional SEM image of the (11-22) GaN grown on patterned r-plane sapphire; and schematic of the growth process.

Reproduced with permission from Elsevier [52].
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Figure 18. FWHM of the XRD rocking curves of the (11-22) semi-
polar GaN grown on patterned r-plane sapphire as a function of
azimuth angle. Reproduced with permission from Elsevier [52].

sapphire, in particular, a large size sapphire with a diameter
over 2 inches.

3.3. Overgrowth on nano-rod array templates

The technique based on a self-organised nickel nano-mask
approach has been widely employed for the fabrication of III-
nitride nano-structured optoelectronics. It can also be used for
GaN overgrowth. Its major advantage is due to the cost-
effective fabrication of nano-rod templates and quick coa-
lescence as a result of small gaps between nano-rods.

The Sheffield team has employed this technique origin-
ally for the fabrication of Ill-nitride based nano-rod array
LEDs [75-80] and also applied this technique in overgrowth
of non- and semi-polar GaN on sapphire [8§1-84]. As shown
in figure 19, a SiO, thin film is initially deposited on a
standard (11-22) semi-polar GaN layer directly grown on m-
plane sapphire, followed by the thermal deposition of a thin
nickel film. Subsequently the sample is annealed under
flowing N, at 850 °C for 1 min. Under such conditions, the
thin nickel layer evolves into self-organised nickel islands
which can be tuned from 100 nm up to 1 gm in diameter on
the SiO, surface. The self-organised nickel islands then serve
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nano-rod structure

nano-masks

Figure 19. Schematic of the fabrication procedure using self-
organised nickel nano masks. This figure is reproduced from [82],
with the permission of AIP Publishing.

as a mask to etch the underlying oxide into SiO, nano-rods on
the GaN surface by RIE. The SiO, nano-rods are used as a
second mask and the GaN layer is dry-etched to form GaN
nano-rods using an ICP technique. As an example,
figure 20(a) shows a SEM image of (11-22) GaN nano-rods.
A key point is to keep the SiO, masks on the top of the GaN
nano-rods for subsequent overgrowth as these inhibit the
adhesion of GaN onto the tops of the nano-columns.
Subsequent overgrowth initiates from the sidewalls of the
nano-rod structure. The GaN growing from the sidewalls
extends laterally until two adjacent growing faces meet each
other. The in situ monitoring system shows that the GaN layer
can quickly coalesce after growing just 1 um of material.
After coalescing, the GaN faces extend upwards and over the
tops of the SiO, and eventually forms an atomically flat layer.
A smooth surface can be achieved when the layer thickness is
approximately 4 um, demonstrating a very effective and
efficient overgrowth approach compared with the conven-
tional ELOG approaches which essentially need 10-20 pm to
achieve good surface coalescence. Figure 20(b) illustrates the
cross-sectional SEM images of the overgrown GaN. The SiO,
and the voids both between the nano-columns and above the
Si0, capped nano-rods are clearly visible. Moreover, it can be
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Figure 20. (a) SEM image of semi-polar GaN nano-rods (left); (b) cross-sectional SEM image of the semi-polar overgrown GaN (right). This
figure is reproduced from [82], with the permission of AIP Publishing.

observed that the SiO, are just located between two neigh-
bouring voids, indicating that these voids are initially the gaps
between nano-rods. Theoretically, all the dislocations and
stacking faults can be effectively blocked by using this
overgrowth method as both SiO, and the voids prevent the
dislocations from penetrating to the overlying GaN film. This
approach is to be differentiated from other methods also using
a self-organized Ni nano-mask for non-polar GaN overgrowth
in which SiO, is removed prior to growth [105].

However, unlike GaN grown along a non-polar direction,
the direction of the semi-polar GaN dislocations and BSF are
inclined to the GaN surface by 58.4°. Consequently, there are
still chances for these extended defects to penetrate the top
GaN layer.

XRD measurements are employed to characterize the
crystal quality of the overgrown semi-polar GaN in both
symmetrical and asymmetrical directions, which is compared
with the semi-polar template before fabricating into the nano-
rod structure. The FWHM along the on-axis (11-22) as a
function of the azimuth angle ranging from 0° to 180° is
shown in figure 21. The azimuth angle is defined as 0° if the
projection of the x-ray beam onto the sample surface is par-
allel to the (10-10) direction, and 90° is defined when the
incident beam is parallel to the (11-23) direction. The FWHM
is reduced from 1345 to 715 arcseconds at 0° and 625 to 460
arcseconds at 90°. XRD measurements are also implemented
along the (0001) off-axis for both samples. The FWHM of the
semi-polar GaN template and our overgrown semi-polar GaN
are 2405 and 1180 arcseconds, respectively. All of the XRD
results indicate a significant reduction in the extended defects
of the semi-polar overgrown GaN.

Although the approach is very cost-effective, it is very
difficult to extend it in the fabrication of wafers with a dia-
meter of >2 inches as a result of the high temperature
annealing process used for the formation of the self-organised
nickel nano-masks. Another drawback is due to the challenge
in accurately controlling either the diameter of nano-masks or
patterning modes.

3.4. Overgrowth on regularly arrayed micro-rod templates

As mentioned above, the self-organised nickel nanomask
approach has a few drawbacks which need to be resolved.
Furthermore, due to the random formation mechanism of the
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Figure 21. FHMs of XRD rocking curves of the semi-polar
overgrown GaN and semi-polar GaN template as a function of the
azimuth angle. This figure is reproduced from [82], with the
permission of AIP Publishing.

metal nano-islands, this approach hardly has extra scope for
further improving the crystal quality of overgrown semi-polar
GaN. In order to further improve the quality of overgrown
(11-22) GaN templates and to enable the technique to extend
beyond 2 inch diameter substrates, the Sheffield team devel-
oped another approach using a regular, specific array of
micro-rods as opposed to the above randomly distributed
nano-rods [64, 85, 86]. A standard photolithography techni-
que which is industry-matched can be used for the mask-
patterning process. As a result of utilising photolithography
techniques for the mask-patterning process, the diameter of
the micro-rods, the spacing between the micro-rods and the
orientation of the patterning can all be precisely controlled. A
SiO, layer is initially deposited, followed by a standard
photolithography patterning process and dry etching pro-
cesses. Regularly arrayed SiO, micro-rods can be achieved.
Once again the SiO, micro-rods serve as a second mask and
are used to etch the GaN underneath in order to form regularly
arrayed GaN micro-rod arrays with the SiO, remaining on the
top. A diameter of up to 10 um and spacing of the micro-rods
can be accurately controlled. The overgrowth initiates from
the exposed sidewalls of the micro-rods as shown in
figure 22(b), and the lateral growth is dominated by the
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Figure 22. (a) Top-view SEM image of the fabricated micro-rod template; (b)—(d) evolution of the surface morphology of the overgrown
layer with a growth time of 1000 s, 2000 s and 3000 s, respectively. This figure is reproduced from [86], with the permission of AIP

Publishing.

growth along the c-direction and the [11-20] or a-direction.
Comparing the lengths of the two growing wings, the c-
direction growth is faster than the qa-direction growth.
Moreover, the growth along the [-1100] or m-direction is
negligible. After the coalescence of the c-direction growth
and the a-direction growth facets, the GaN growth tends to
move upward. When the thickness of the overgrown layer
exceeds the height of the micro-rods, the growth begins to
extend to cover the SiO, masks. Although the m-direction
growth is slower than growth along other directions, the
specially designed pattern of the micro-rods as shown in
figure 22(a) compensates the anisotropic growth rate, also
facilitating another second coalescence occurring over the
Si0, masks. Eventually a full coalescence is achieved. A
smooth surface can be achieved with the overgrown layer
after just 5 um of material have been deposited, which is
faster than any other conventional ELOG techniques [89].
Figure 23(a) shows a cross-sectional SEM image of the
overgrown layer where two residual voids have been
observed. These were created during the initial growth stage
and then coalescence stage on the SiO, masks. In the initial
stage, the growth along the c-axis effectively reduces the
penetration of the defects originating from growth along the
a-axis, as the c-axis growth rate is much faster than that of the
a-axis, blocking the a-axis growth and thus forming the voids
on the bottom. The subsequent coalescence process over the
SiO, masks further blocks the penetration of defects from the
micro-rods, thus further improving crystal quality.
Figure 23(b) presents XRD measurements on a 5 pum
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overgrown layer, showing that the FWHMs of XRD rocking
curves measured along the [1-100] (i.e., zero azimuth angle)
and [-1-123] (i.e., 90° azimuth angle) directions are 360 and
250 arcseconds, respectively.

Overall, these data represent the best results on semi-
polar GaN with a similar thickness grown on sapphire. This
indicates that the crystal quality of such semi-polar GaN is
very close to that of a standard c-plane GaN with a similar
thickness grown on sapphire. Currently, the thickness of a
typical GaN buffer for high brightness blue LEDs grown on
c-plane sapphire is also around 5 ym. Therefore, it implies
that such semi-polar overgrown GaN layers should be good
enough for further growth of any semi-polar LED structures.

3.5. Growth on patterned Si

It is difficult to grow semi-polar GaN with a large inclination
angle to the c-plane on a planar Si substrate due to the lack of
compatible epitaxial relationship between semi-polar GaN on
any orientated Si substrate. Not surprisingly, there are no
reports in the literature on the growth of semi-polar (11-22)
GaN on any planar Si substrates. However, given the wide
availability of Si substrates and the easy patterning of Si by
either dry etching or chemical wet-etching, the growth of
semi-polar (11-22) GaN on patterned Si is expected to have
major advantages compared with that grown on patterned r-
plane sapphire.

Another challenge in the growth of GaN on Si is due to
the so-called Ga melt-back etching at a high temperature; Ga
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Figure 23. (a) Cross-sectional SEM image of the overgrown layer
and (b) FWHMs of XRD rocking curves as a function of azimuth
angle.
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reacts with Si at high temperatures leading to a collapse
during GaN growth.

Notwithstanding these technical issues, Tanikawa et al
[55] employed anisotropic chemical etching to fabricate
grooved patterning on (113) Si using a KOH solution in an
attempt to grow semi-polar (11-22) GaN on Si. The funda-
mental mechanism is that the (111) surface of Si effectively
resists the KOH etching so all other facets are etched until it
reaches the (111) plane. Fortunately, the (111) surface of Si is
the best for the growth of GaN; the inclination angle between
the (111) and the (113) plane of the Si is 58.5 degrees, which
is nearly equal to 58.4 degrees between the (11-22) and the
(0001) plane of the GaN.

The fabrication of such patterned (113) Si starts with the
deposition of a SiO, mask film in order to make SiO, stripe
masks with optimised window regions along the [21-1] axis
of (113) Si. A standard photolithography technique can be
used for the patterning process. A KOH solution (25 wt%) is
used to selectively etch the window regions of the (113) Si at
40 °C. Finally, as a result of the anisotropic etching nature,
grooved patterning can be formed, consisting of (1-11) and

16

Figure 24. Cross-sectional SEM images of the (11-22) GaN grown
on the patterned (113) Si substrates as a function of growth pressure
from low to high for (c-1), (c-2), (c-3), respectively. Reproduced
with permission from John Wiley & Sons [55].

(-11-1) side facets and (113) or (011) facet at the bottom.
Subsequent GaN growth via MOCVD is performed on the (1-
11) facets only. Figure 24 shows cross-sectional SEM images
of the (11-22) GaN grown on the patterned (113) Si substrates
as a function of growth pressure. In order to achieve a flat
surface and avoid growth on the other facets, both the growth
conditions and the patterning design need to be carefully
optimised. They found that narrow window widths and deep
etching depths leads to the growth of GaN only on the (1-11)
side facet by eliminating the growth on the (-11-1) side facets.
They concluded that a low V/III ratio and high growth
pressure are important for achieving a flat surface and good
crystal quality.

It is worth highlighting that a wide window would be
important for further improving the crystal quality of the
semi-polar GaN. Furthermore, it is essential to eliminate any
Ga melt-back issue which becomes more severe with
increasing growth temperature.

Very recently, the Sheffield team has developed a new
approach for patterning (113) Si [87, 88] which can funda-
mentally resolve these issues. Figure 25 shows a SEM image
of the fabricated patterned (113) Si substrate and a cross-
sectional SEM image of the semi-polar (11-22) GaN grown
on the patterned Si. As opposed to patterning SiO, stripe
masks, the initially deposited SiO, layer is opened with quasi-
square windows, obtained by a standard photolithography.
The patterned SiO, serves as a second mask for subsequent
anisotropic chemical wet-etching using a KOH solution, and
each etched pattern manifests itself as an inverted-pyramid
consisting of four (111)Si facets. Finally, extra 20 nm SiO,
was selectively deposited on the substrate, covering (111),
(-1-11) and (-111) facets and thus only leaving the (1-11)
facets exposed. This selective deposition can be achieved by
placing it at an oblique angle in an electron beam deposition
chamber. By optimising the growth conditions, semi-polar
(11-22) GaN with a flat surface has been obtained, which has
been confirmed by detailed XRD. It is worth highlighting that
the (11-22) GaN grown on such a patterned (113) Si exhibited
a very low BSF density [87, 88].

4. Micro-structural and electrical properties of
overgrown semi-polar GaN

Regularly arrayed micro-rod templates for the overgrowth of
semi-polar (11-22) GaN are designed by specifically taking
the anisotropic lateral growth rates into account, as discussed
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Figure 25. (a) Plan-view SEM image of the fabricated patterned in the (113) Si substrate; and (b) cross-sectional SEM image of the semi-
polar (11-22) GaN grown on the patterned Si. Reproduced with permission from John Wiley & Sons [88].
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Figure 26. Bright field cross-sectional TEM images of overgrown
GaN layers taken along the [1-100] zone-axis under a diffraction
vector of (a) g = 0002 and (b) g = 11-20. This figure is reproduced
from [86], with the permission of AIP Publishing.

in section 3.4. Such a regularly arrayed micro-rod pattern
leaves plenty of scope for further optimisation. The over-
growth of semi-polar (11-22) GaN on the regularly arrayed
micro-rods is a little more complicated than those grown on
patterned substrates, fabricated typically using SiO, stripes on
either m-plane sapphire or (113) Si. Consequently, gaining an
understanding of the various mechanisms involved will pro-
vide valuable insight for a wide variety of different over-
growth approaches. It would be useful as a representative
example for understanding the mechanisms of defect reduc-
tion in overgrown semi-polar (11-22) GaN on foreign sub-
strates, in particular, sapphire. In this section, a study based
on TEM measurements will be discussed and a model will be
described.

4.1. Study on dislocation reduction

Figure 26(a) shows a typical bright-field cross-sectional TEM
image of (11-22) semi-polar GaN overgrown on the regularly
arrayed micro-rods. This TEM image was taken along [1-100]
zone-axis with g = 0002, indicating c-type threading
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dislocations (TDs), a + ¢ TDs and Shockley partial disloca-
tions. Figure 26(b) shows a typical bright-field cross-sectional
TEM image taken along [1-100] zone-axis but with
g = 11-20, demonstrating a-type TDs, a 4+ ¢ TDs and Frank
partial dislocations. Both figures 26(a) and (b) show all kinds
of dislocations, demonstrating that the dislocations, with an
inclination angle of 58.4° to the surface from the GaN micro-
rods under the SiO, masks have been greatly reduced as a
result of overgrowth on the micro-rod arrays. Based on an
invisibility criterion [89, 90, 91, 92], dislocations are out of
contrast when the product of a diffraction vector g and a
dislocation displacement vector R equals zero, namely,
g - R = 0; and stacking faults are invisible when the product
is an integer, including zero.

The triangular-shaped voids observed in the trenches
between the micro-rods are formed as a result of the first
coalescence of the c-direction growth facets and the
a-direction growth facets from two neighbouring micro-rods.

The voids extend from the sapphire substrate, confirming
that the growth initiates from the exposed sidewalls rather
than the bottom of the trenches between the micro-rods. It is
important because the GaN growth from the bottom needs to
be suppressed in order to prevent the defects penetrating the
overlying structures. Common with the other overgrowth
techniques, the GaN grown laterally along the c-direction
exhibits all but free of dislocations whereas the GaN grown
along the a-direction contains a number of defects. Due to the
fact that the c-direction growth rate is faster than the a-
direction growth rate, the a-direction growth is eventually
stopped by the c-direction growth, terminating the propaga-
tion of defects from the a-direction growth. Therefore, the
growth conditions favouring the c-facet growth are preferred
on the early overgrowth stage, leading to an efficient reduc-
tion in dislocations and extended defects. As a result, the
majority of dislocations in the GaN micro-rods are effectively
prevented from penetrating by both the SiO, masks and the c-
direction growth. Only a small part of the dislocations along
the a-direction propagate to the surface. Another kind of void
is observed over the SiO, mask on the top of each micro-rod
as a consequence of the second coalescence along the [-12-
10] and [2-1-10] directions. It is worth noting that a very
small number of extra dislocations are generated due to the
second coalescence. The plan-view TEM image indicates that
the overall dislocation density in our overgrown (11-22) semi-



Semicond. Sci. Technol. 31 (2016) 093003

Topical Review

----------

) Si0,
ﬁ‘- GaN template

—
(2)

~

1 \

J
BE——

[-1-123]
a fitf- -t --H -t H-- 4k - -HiE- @’
(o3 1A 1 S A A 1 S A A 1/ NG

i

Figure 27. (a) and (b) Bright-field cross-sectional TEM images of the specimens prepared by cleaving differently, taken along the [11-20]
zone-axis with diffraction vector g = 1-100; (c) schematic of the BSF distribution on the sample surface and our micro-rod patterning. The
dashed lines labelled as a-a’ and b-b’ depict the different cleavage directions for preparing the specimens used for TEM observation as shown
(a) and (b), respectively; (d) plan-view TEM image of our (11-22) overgrown GaN with a diffraction vector g = 1-100. This figure is

reproduced from [86], with the permission of AIP Publishing.

polar GaN is between 1-4 X 108 cmfz, demonstrating a
significant reduction in dislocation density from the order of
10'°cm 2 in the as-grown GaN.

4.2. Study on basal stacking fault reduction

BSFs as extended defects can be observed along either the
[-12-10] or the [2—-1-10] zone-axis by tilting 30° from the [1-
100] zone-axis [93]. Figure 27(a) shows a typical bright-field
cross-sectional TEM image taken along the [2-1-10] direction
with g = 1-100, where BSFs appear as straight dark lines
with an inclination angle of 58.4° to the surface. For figure 27
(a), the specimen was prepared by cutting the sample along
the line labelled as a-a’ in figure 27(c). Figure 27(b) shows a
TEM image of the specimen prepared by cutting the sample
along the line labelled as b-b’ in figure 27(c). The difference
between the two samples is that along the a-a’ line contains
voids whereas along the b-b’ lines does not. Apart from these
physical differences, the images were recorded under iden-
tical conditions.

Since the BSFs exist in basal planes, they are impeded by
the c-direction growth. As denoted by the red arrows in
figure 27(a), part of the BSFs along the a-direction are
blocked by the adjacent c-direction growth, leading to defect-
free regions which are terminated very likely in the form of
PDs and prismatic stacking faults (PSFs), while the rest of the
BSFs along the a-direction are found to survive from the first
coalescence process and propagate to the surface. This forms
the BSF-free and BSF-containing regions distributed in a
periodic form along the [-1-123] direction.
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Figure 27(d) is a plan-view TEM image, clearly
demonstrating that BSF clusters with orientation along the m-
direction, i.e. [-1100], are separated by defect-free regions
along the [-1-123] direction. The width of the defect-free
areas is around 1.5 ym, which is consistent with the cross-
sectional TEM images as shown in figure 26(a). In addition,
the distribution of these BSF clusters shows a repeat of the
high BSF density areas, labelled ‘H’ and low BSF density
areas, labelled ‘L’. It means the BSFs can expand within the
basal plane, propagating with a component parallel to the m-
direction during the overgrowth above the SiO, masks.
During the second coalescence process, some BSFs are ter-
minated by a formation of either PDs or PSFs, leading to a
further reduction in BSF density. Consequently, this forms
one area with a low BSF density, i.e., region L and another
area with a high BSF density i.e. region H, appearing in a
periodic form along the m-direction.

A model has been built to understand the influence of the
micro-patterning on defect reduction. Figure 28(a) schemati-
cally illustrates a cross-sectional diagram of micro-rods along
the m-direction. Figure 28(b) shows a simulation result,
describing the relationship between the percentage of dis-
location penetration from the micro-rods to the micro-rod
diameter and spacing between micro-rods. The height of the
micro-rods is set at 0.4 yum and 1.4 ym as two examples. In
figure 27(b), the blue area represents a low percentage of
dislocations remaining while the red area represents a high
percentage. There are two low-percentage areas; one is the
upper-left corner with a very small micro-rod diameter of
below 0.5 pm, and the other one is in the lower-right part with
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Figure 28. (a) Schematic diagram of our dislocation reduction model for (11-22) semi-polar overgrown GaN on micro-rod arrays along the
[1-100] direction; (b) contour plots of the dislocation remaining ratio as a function of micro-rod diameter and micro-rod spacing with a micro-
rod height of 1.4 and 0.4 um, respectively. This figure is reproduced from [86], with the permission of AIP Publishing.

a micro-rod diameter of a few microns and micro-rod spacing
from 1.5 to 2.5 pym.

Conventional photolithography typically uses an ultra-
violet lighting source with a wavelength of ~300 nm and thus
it would be difficult to fabricate rod arrays with sub-micron
diameter. Consequently, it is worth paying attention to the
lower-right blue area, where both micro-rod diameter and
micro-rod spacing are on a few micron scale. Figure 27(b)
also shows that the range for the blue area increases when the
micro-rod height reduces from 1.4 to 0.4 yum, enhancing the
chance for tuning either the micro-rod diameter or micro-rod
spacing for effectively blocking defect penetration.

In summary, the simulation results presented in figure 27
(b) provide valuable insights that allow for further reductions
in defects and thus improvements in crystal quality, such as
increasing the diameter of the micro-rods, reducing the height
of micro-rods and reducing the spacing between the micro-
rods. Very recently, the Sheffield team has experimentally
confirmed that better crystal quality in the semi-polar GaN
overgrown has been obtained on micro-rods with a height of
0.4 pm compared to micro-rods with a height of 1.4 um.

4.3. Electrical characteristics

So far, there are only a few reports investigating the electrical
properties of semi-polar GaN [94-96], possibly due to two
major reasons; firstly, the crystal quality of available semi-

19

polar GaN is not good enough, and secondly, due to the
anisotropic nature of semi-polar GaN, it would not be easy to
measure its electrical properties.

The Sheffield team has performed Hall measurements via
the Van der Pauw method on a series of semi-polar (11-22)
GaN grown on their nano-rod array temples fabricated using
the self-organized nickel nano-mask approach mentioned in
section 3.3. They investigated the electrical properties of the
overgrown semi-polar (11-22) GaN as a function of the dia-
meter of nano-rods used for the fabrication of templates [94].
Generally speaking, the standard Van der Pauw approach can
only be used for measuring isotropic in-plane sheet resistance,
and thus isotropic carrier mobility. Therefore, it cannot be
directly applied in measuring anisotropic semi-polar GaN.
They employed the transmission line model (TLM) method to
measure directional dependent sheet resistance and finally
obtained electron mobility of semi-polar GaN in different
orientations.

The free electron sheet density can still be obtained by
the standard Hall measurements. The directional dependent
sheet resistance was measured using the TLM method. TLM
patterns along the (1-100) and (11-2-3) directions were fab-
ricated and a Ti/Al/Ti/Au alloy was used to achieve a good
ohmic contact. By measuring the resistance between each
contact, the directional dependent sheet resistance can be
obtained. The directional dependent electron mobility can be
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Figure 29. Electron mobility as a function of the nano-rod diameter
in different directions. Reproduced with permission from John Wiley
& Sons [94].

deduced from the equation;

1

Hdirectional =
C]}’lsRs, directional

where [igirectiona 18 directional dependent electron mobility; g
is electron charge, n; is sheet resistance and Rj_gjrecional 1S the
directional sheet resistance.

Figure 29 shows the directional dependent electron
mobility of the overgrowth semi-polar (11-22) GaN, typically
along both the (1-100) and the (11-2-3) directions as a
function of the nano-rod diameter used for the fabrication of
the templates, performed at room temperature, showing that
with increasing nano-rod diameter the electron mobility can
be enhanced from 83cm ™' Vs~ ' to 228 cm™' Vs~ ! along the
(1-100) direction and 51 to 124 cm ™' Vs~' along the (11-2-3)
direction, respectively. An electron mobility as high as
228cm~' Vs!  with an electron concentration of
3.42 x 10" cm ™ may be the best report for semi-polar GaN
grown on sapphire so far [95, 96].

5. Optical properties of InGaN MQWs grown on
overgrown semi-polar GaN

Current investigations of the optical properties of InGaN-
based quantum well structures grown on semi-polar (11-22)
GaN are mainly based on studies aimed at (i) reducing the
QCSE, (ii) indium incorporation efficiency, (iii) shorter car-
rier recombination lifetime, (iv) enhanced indium localized
effect, etc. Section 3.2 has presented some optical properties
of semi-polar InGaN MQWs on both (20-21) and (11-22)
GaN. This section focuses on a comparison study of the
optical properties of (11-22) semi-polar and c-plane InGaN-
based quantum well structures with a wide range of indium
composition from the blue to green/yellow spectral region, in
particular, on the Stokes-shift (the difference between emis-
sion energy and the absorption energy in semiconductor
materials). The mechanism of the large Stoke-shift of c-plane
InGaN quantum well structures has been debated for a long
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Figure 30. Low temperature (12 K) PL/PLE spectra of one polar
(solid line) and one semi-polar (11-22) (dashed line) InGaN MQW
samples with emission energy of 2.304 eV (538 nm) and 2.32 eV
(534 nm), respectively. This figure is reproduced from [64], with the
permission of AIP Publishing.

time. Generally speaking, a large Stoke-shift is directly rela-
ted to QCSE or exciton localization effects as a result of
indium fluctuation, etc. A study of the difference in the Stoke-
shift of InGaN-based quantum wells grown on (11-22) semi-
polar and c-plane GaN will contribute to an understanding of
the overall optical properties of (11-22) semi-polar InGaN
quantum well structures.

Basically, the Stokes-shift can be measured by photo-
luminescence excitation (PLE) measurements. The Sheffield
team has performed a systematic study using PLE and TRPL
measurements on a series of InGaN-based MQWs with a wide
spectral range grown on the overgrown semi-polar GaN to
investigate their optical properties [64]. The InGaN quantum
well samples used were grown on micro-rod arrayed tem-
plates described in section 3.4, and their emission peak
wavelengths range from 497 nm to 591 nm, covering the
whole green and yellow spectral ranges. For comparison, a
number of standard c-plane InGaN/GaN MQWs samples
have also been used. Figure 30 presents PL and PLE spectra
from a pair of c-plane (polar) and semi-polar (11-22) InGaN
MQWs samples, both measured at 12 K. The PL measure-
ments were carried out with an excitation wavelength of
350 nm, and the PLE measurements have been conducted
using their emission peak energies. The two samples show
similar peak emission energies located at 2.304 eV (538 nm)
and 2.322 eV (534 nm), respectively. The FWHM of the PL
spectrum from the semi-polar sample is 187 meV, which is
larger than the 166 meV for the c-plane sample. Both of the
PLE spectra show that there are two absorption edges, one
associated with the GaN barriers at around 3.43 eV and the
other associated with the InGaN quantum wells at the low
energy side, respectively. Comparing the InGaN-related
absorption edge in the two samples, it is found that the
InGaN-related absorption process in the c-plane sample
covers a wider range of energy (from 3.2eV to 2.5eV) than
that in the semi-polar sample (from 2.87 eV to 2.5 eV) despite
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the fact that the PL spectrum of the c-plane sample is nar-
rower than that of the semi-polar sample. The broadening of
the quantum well absorption edge in the c-plane sample can
be attributed to the quantum confined Franz—Keldysh
(QCFK) effects [98]; due to the internal electric fields, some
optical transitions that are normally forbidden have a chance
to become allowed in an absorption process, broadening the
quantum well absorption edge [97]. The steep absorption
edge in the semi-polar sample is evidence for the reduced
QCFK effects, resulting from the reduced piezoelectric fields
in the quantum wells. In order to quantitatively analyze the
Stokes shift, the InGaN-related absorption edges can be
extracted by fitting with a sigmoidal formula [99]:

)

where Ep is the effective absorption edge; AE is a broadening
parameter related to the Urbach tailing energy; and aq is a
constant. The fitted absorption edges are 2.813eV and
2.634eV for the c-plane and semi-polar samples, respec-
tively. Therefore, the Stokes shift in the c-plane sample is
509 meV, which is larger than the 312 meV for the semi-polar
sample.

Figure 31 displays the Stokes-shift values of a wide range
of polar and semi-polar (11-22) MQWs samples, namely, as a
function of wide emission energy. The Stokes-shift values of
the c-plane samples linearly decrease with increasing emis-
sion energy and tend to zero at 3.50 eV (i.e. around the GaN
bandgap), which is consistent with the previous work reported
by other groups [106]. The semi-polar MQW samples show a
lower Stokes-shift in a wide spectral range up to yellow.

Since the Stokes shift of InGaN/GaN quantum well
structures can be affected by either the piezoelectric field or
exciton localization effects, or both, low temperature TRPL
measurements have been performed on these polar and semi-
polar samples in order to further investigate the issue. The
results show that the recombination lifetimes of the semi-

Ep — E

a= ao/[l + exp(
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polar InGaN/GaN MQW samples is approximately one order
of magnitude shorter than those observed for the c-plane
samples, proving a significant decrease in QCSE.

Carrier localization is another major factor which could
affect the Stokes-shift in InGaN/GaN MQWs. Wavelength-
dependent TRPL measurements have been conducted at low
temperature (7 K) to study the localization effects in these
samples. For the c-plane samples, the obtained localization
depths are 30 meV and 23 meV for the emission wavelengths
at 538nm and 490 nm, respectively, while the semi-polar
samples exhibit localization energies of 45 meV at 534 nm
and 42meV at 497 nm, respectively. Although the Stokes
shift values in the semi-polar samples are much smaller than
those in the c-plane samples, the localization energies in the
semi-polar samples are larger than those in the polar samples.
This demonstrates that carrier localization effects only con-
tribute a small part to the Stokes shift, compared with the
presence of piezoelectric fields [100].

6. Long wavelength InGaN/GaN emitters on
overgrown semi-polar GaN

To date, there have been few reports on the growth of long
wavelength (green/yellow spectral region) emitters grown on
(11-22) semi-polar GaN. Hikosaka er al reported (11-22)
InGaN/GaN LEDs with an emission wavelength of 420 nm-
460 nm on patterned (113) Si substrates in 2008 [54]. The
patterned (113)Si substrates were fabricated using SiO, stripe
masks with optimised window regions along the [21-1] axis
of the (113)Si as discussed in section 3.5. Their LED struc-
tures consisted of a SQW active region with a 4 nm InGaN
well sandwiched by 8 nm GaN barriers, followed by a 20 nm
Mg-doped AlGaN electron blocking layer and a 150 nm Mg-
doped GaN layer and a final 20 nm Mg-doped GaN contact
layer. As expected, their (11-22) LEDs show a significant
reduction in blue-shift with increasing injection current as a
result of reduced piezoelectric fields, e.g. 460nm LEDs
exhibit a 5.8 nm blue shift while a c-plane blue LED with a
similar wavelength typically displays a 15nm shift under
similar measurement conditions. In addition the (11-22) LEDs
show a broad linewidth of EL emission compared with c-
plane LEDs. Jang et al reported semi-polar LEDs with an
emission wavelength at 490-500 nm grown on patterned m-
plane sapphire in 2012 [101], demonstrating an improved
performance compared with semi-polar LEDs grown on pla-
nar sapphire. Okada et al [53] reported 506 nm green LEDs
grown on patterned r-plane sapphire in 2012, where the stripe
patterning process has been discussed above in section 3.2.
As a result of the patterned substrate and air voids generated
during the coalescence process, very strongly scattered green
light emission was observed on the semi-polar LEDs com-
pared with c-plane green LEDs, demonstrating significantly
enhanced extraction efficiency due to these features. The
semi-polar LED shows a blue-shift of 8.9 nm with increasing
injection current from 20 mA to 100 mA, while that of the c-
plane LED is 17.3 nm. Once again, the semi-polar LEDs also
show much wider linewidth of the EL spectrum than their c-
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Figure 32. EL emission photos of (a) green, (b) yellow-green, (c)
yellow, and (d) amber LEDs, taken at 5, 20, and 100 mA. This figure
is reproduced from [85], with the permission of AIP Publishing.

plane counterparts. Interestingly, the increase in line-width of
the EL spectrum of the c-plane LED was 5nm with
increasing injection current from 20 mA to 100 mA, while the
linewidth of the (11-22) LED is only 2 nm under the same
conditions.

To date, semi-polar (11-22) InGaN-based LDs have been
achieved only on free-standing (11-22) GaN substrates. (11-
22) InGaN/GaN-based semi-polar laser diodes with an
emission wavelength of 426 nm were reported in 2008 by the
UCSB team [22]. The same group reported 445 nm semi-
polar (11-22) InGaN-based laser diodes in 2012 [102], which
is so far the longest wavelength laser diodes on (11-22) GaN.
Optically-pumped lasing at 500 nm was achieved on semi-
polar InGaN/GaN (11-22) hetero-structures on 20-25 ym
HVPE GaN templates on sapphire in 2010 [103].

Very recently, the Sheffield team has reported (11-22)
semi-polar InGaN LEDs from green to amber (605 nm) on
their overgrown GaN on micro-rod templates [85]. This is so
far the longest wavelength LEDs reported on (11-22) semi-
polar GaN, demonstrating a great advantage for using (11-22)
semi-polar GaN for the growth of longer wavelength emitters
and also a great potential to achieve longer wavelength laser
diodes. Four InGaN SQW LED samples with different indium
compositions were grown on such micro-rod templates. All
the LED structures are very simple, consisting of a 4 ym un-
doped GaN layer followed by a 1 ym Si-doped n-type GaN
layer, an InGaN/GaN SQW and finally a 150 nm Mg-doped
p-type GaN layer. Lateral LEDs with a 0.33 x 0.33 mm?
mesa size were fabricated by a standard photolithography
technique. ITO and Ti/Al/Ti/Au alloy were used as trans-
parent p-type contact and n-type contact, respectively. The
device characterisations were performed on bare-chip devices
at room temperature in a continuous wave (cw) mode.
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Figure 32 shows a series of EL images for the four LEDs,
each taken at 5 mA, 20 mA and 100 mA, respectively. These
clearly demonstrate bright emissions in green, yellow-green,
yellow and amber spectra regions, respectively. Figure 33
shows EL spectra and EL emission peak wavelengths of the
four LEDs as a function of injection current demonstrating a
blue shift of the wavelength with increasing injection current
from 1 mA to 100 mA. For the green (11-22) LED, the shift
is only 8 nm. The blue-shift slightly increases to 15 nm and
19 nm for the yellow-green and yellow LEDs respectively,
which are all less than those of their c-plane counterparts
(typically >30nm, depending on quantum well thickness).
The con-focal PL. measurements indicate that a very strong
exciton localisation effect exists in the amber LED as a result
of the very high indium content [107]. The shoulder peak of
the amber LED could originate from the significantly
enhanced localised states and thus part of the blue-shift at low
injection current could be due to the carrier filling of low-
energy localised potentials.

Figure 34(a) shows the typical current—voltage curves,
displaying a standard behaviour of InGaN-based LEDs with a
typical turn-on voltage of 3.0 V-3.4V at 20 mA injection
current for the green, yellow-green, and yellow LEDs, which
are comparable to c-plane InGaN-based LEDs. For the amber
LED, the voltage at 20 mA is higher, very likely related to the
p-type GaN. Figure 34(b) shows normalised external quantum
efficiency (EQE) as a function of injection current. The EQFE
at 100 mA drops down to 87%, 80%, 79%, and 69% of the
maximum for the green, yellow-green, yellow, and amber
LEDs, respectively. As a reference, the EQE of a c-plane
green LED fabricated based on commercial LED wafers starts
to decrease from a very low current (3 mA) and then drops
down to 49% of the maximum at 100 mA. It suggests that the
efficiency-droop issue could be potentially reduced through
growth and fabrication of (11-22) semi-polar LEDs.

The [-V characteristics as shown in figure 34 are
encouraging, as it implies that BSFs which are supposed to
affect the electrical properties do not appear to be an issue.
Clearly, the LED structures have not been optimised yet so
there is scope to further improve these long emission wave-
length LEDs.

In spite of the above demonstration of LEDs with an
emission wavelength up to amber, it is a long way to go in
order to achieve InGaN-based long wavelength such as green,
yellow or even red emitters with similar quantum efficiency to
the current state-of-the-art for blue emitters which is above
80% [110]. On (11-22) free-standing substrates, UCSB has
reported 563 nm LEDs with an external quantum efficiency of
13.4%, demonstrating an encouraging result.

7. Summary and outlook

Homo-epitaxial growth is ideal and has been widely used in
the growth of III-V semiconductors except IlI-nitrides and as
a result the last three to four decades have seen huge suc-
cesses in III-V semiconductors, especially for GaAs. The
research activity on ‘lattice mismatched hetero-epitaxy’
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started a long time ago, early GaP grown on Si and GaAs on
Si, now Ill-nitrides on sapphire or Si. Clearly, the last two
decades have seen a great success in lattice mismatched
hetero-epitaxy, represented by GaN-on-sapphire. However, it
is mainly limited to c-plane GaN on (0001) sapphire, the
lowest index sapphire. Although high brightness blue LEDs
have been achieved and commercialised, the crystal quality of
GaN is still a great challenge for some optoelectronics which
need to work under extreme conditions, for example, laser
diodes which need to operate under high injection current and
photodetectors which need to operate at high bias to detect a
weak signal. In both cases, the crystal quality of GaN on
sapphire or Si may not be good enough. The same story
occurs with semi-polar or non-polar GaN-based optoelec-
tronics, but it is even worse, as the crystal quality of semi-
polar or nonpolar GaN directly grown on sapphire is much
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worse than that on c-plane GaN. Therefore, it is important to
devote considerable effort to improving the crystal quality of
semi-polar and non-polar GaN in a cost-effective way on a
large wafer in order to meet industrial requirements.

In terms of achieving InGaN-based long wavelength
emitters, the (101-1) GaN surface would be best, as it enables
the highest indium incorporation among all the GaN planes.
However, it suffers from some fundamental challenges in
growth. The (20-21) GaN surface would be best for the
growth of semi-polar laser diodes, but it exhibits the same
indium incorporation properties as c-plane GaN. In light of
the above, the best compromise orientation for achieving
longer wavelength emitters is (11-22) GaN, provided it can be
manufactured with high crystal quality and on large size
wafers. Of course, towards longer wavelength laser diodes, a
number of great challenges need to be overcome. It is worth
highlighting that these challenges could be met through fur-
ther optimising or developing new growth methods, for
example, the enhanced indium composition fluctuation on
(11-22) GaN might be reduced or minimised by reducing the
thickness; the reduced critical thickness for the formation of
misfit dislocation might be mitigated through optimising the
design of hetero-structures. Optically pumped stimulated
emission at 514 nm (pure green) on semi-polar (11-22) InGaN
MQWSs has been achieved [104], which is very encouraging
and promising towards lasing with longer wavelengths on
(11-22) GaN.

Currently, there is a gap between III-nitrides and other
MI-V semiconductors. Integrating III-nitrides and other III-V
semiconductors through epitaxial growth would lead to a
revolution in the field of compound semiconductors, which
may result in a breakthrough in the growth and fabrication of
new devices which have never appeared. Hopefully, (11-22)
GaN will play an important role in bridging the gap.
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