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Abstract

Non-polar (11-20) GaN with low defect density can be achieved on sapphire by meams of
overgrowth on a micro-rod template recently developed, aiconventional <1-100>-oriented stripe
template. The overgrowth on stripes block BSFs in the nonpolar GaN more effectively, but it is
difficult to obtain a flat GaN surface due to its anisotropic pattern for overgrowth. The overgrowth
on micro-rods can significantly reduce dislocations, simultaneously maintaining a smooth sample
surface. Very recently, we develaplouble overgrowth approach to grow (11-20) GaN on sapphire
i.e., first overgrowth on stripes and second overgrowth on micro-rods. The double overgrowth
technique successfully utilizes the strengths of the two kinds of overgrowths, further improving
crystal quality, which will be a very promising approach to achieve high quality (11-&#9)fG

large-scale industrial production.
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1. Introduction

[l -nitride semiconductors grown along either non-polar orientations are expected to exhibit unique
performance in comparison with their c-plane counterparts in both electronics and photonics. It is
well-known that c-plane lll-nitride optoelectronics suffer from polarization induced electric fields,
leading to the so-called quantum confined Stark effect and thus a reduction in quantum efficiency [1-
3]. Therefore, lll-nitride light emitting diodes grown along a non-polar orientation are expected to
lead to significant improvement in internal quantum efficiency. In terms of electronics, GaN exhibits
major advantages in fabricating high-power, high-frequency and high-temperature deviceissdue to
intrinsically high breakdown voltage, high saturation electron velocity and excellent mechanical
hardness [4,]5 So far, llI-nitride based electronics are overwhelmingly dominated by AlGaN/GaN
heterostructure field transistors (HFETs) grown on c-plane GaN surfacd, [&th&re strong
polarisation formed across the interface between AlGaN and GaN leads to a high sheet carrier density
of up to 10%cn? obtained without modulation doping [8, 9] and a depletion-mode transistor.
However, practical applications ideally require enhancement-mode devices due to safety
requirements. Furthermore, the sheet carrier density of a two dimensional electron gas formed at the
interface between GaN and AlGaN depends sensitively on polarisation. As a result, anyirchange
strain would also affect the electrical performance of such HFETS, potentially leading to performance
degradation and reliability issues [10-12]. In order to address these challenges, a simple but promising
solution is to grow an AlGaN/GaN heterostructure with modulation doping along a non-polar
direction, where the polarisation can be eliminated and thus the sheet carrier density of 2DEG can be
tuned simply through optimising the doping level in AIGaN barr]e [9

Up to date non-polar llI-nitride devices with high performance have to be grown on extremely
expensive GaN substrates [13],Mthere the size of GaN substrates is typically limited to a size of
10x10 pum and thus such GaN substrates are not attractive to industry at all. The crystal quality of

current non-polar GaN grown on either sapphire or silicon is far from satisfactory. Typically, non-
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polar GaN grown on sapphire without any extra processes exhibits a dislocation density of above
10"%cn? and a stacking fault density of aboveé/tt [15, 16, Therefore, it is crucial to develop a

new method for the growth of non-polar GaN on industry compatible substrates, such as sapphire or
silicon. Conventional epitaxial lateral overgrowth (ELOG) and related techniques have been
employed to improve crystal quality of nonpolar or semi-polar GaN on sapphire J[1w26h are

based on selective area overgrowth on normally stiftterped templates. Very recently, it has been
found that such patterning leads to two major issues, although the crystal quality of non-polar GaN
can be improved. Overgrowth on sugthipepatterned templates potentially generates severe non-
uniformity, in particular strain distribution, which in return strongly affects the electrical perfoemanc

of non-polar IlI-nitride electronics [21Secondly, it is also difficult to employ such a stripe-patterned
template to achieve quick coalescence and an atomically flat surface as a result of intrinsically

arisotropic in-plane growth rate [R1

2. Methods

In order to address these great challenges, our group has achieved regularly arrggddr r{ta-

20) GaN micro-rods with a mushroom configuration on r-plane sapphire, astig-etching
techniqgue and subsequent ultra-violet (UV) assisted photo-enhanced chemical (PEC) etching
processes [41 Overgrowth on such a template allows us to obtaiitk coalescence and an
atomically flat surface as a result of our designed patterning which can compensate for the
intrinsically anisotropic in-plane growth rate of non-polar GaN. Significant improvement in crystal
guality has been achieved. More importantly, an excellent uniformity in strain distribution is also
achieved across a 2-inch wafer. Very recently, we further combine the above approach with the
conventional stripe-pattern based ELOG approach, leadingn-polar GaN with a step-change in
crystal qualiy.

In this paper, by means of scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), we comparatively study three kinds of overgrown (11-20) GaN layers on sapphire, namely,

overgrown GaN on our micro-rod template (labelled as sample A), overgrown GaN on a standard
3



stripe template (labelled as sample B), and overgrown GaN onsdirgieand then on micro-rods
(labelled as sample C). The mechanisms of defect reduction have been investigated, which are
extremely important for further improvement of crystal quality.

First, non-polar (11-20) GaN is grown on r-plane sapphire, by a standard metal organic
chemical vapour deposition (MOCVD) using our high temperature AIN buffer technology [22
Subsequently, the as-grown template is fabricated into a regularly arrayed micro-rod template (for
sample A growth), or €1-100>-oriented stripe template (for sample B growth). For sample C, an as-
grown template is fabricated to a stripe template on which first overgrowth of nonpolar GaN is carried
out and the regrown GaN is then further formed into a micro-rod template on which second
overgrowth is carried out. Schematic drawings as shown in Figure 1 display the approaches of the
growth of sample A, sample B, and sample C, respectively. The fabrication of thequbtitenplates
are descried in detail in Ref.21. Figure 2(a) shows a typical SEM image of a micro-rod teButhate.
the diameter and spacing of miaais are 2.5 pm. Note that the diagonal line of micro-rod square is
deliberately made along c-direction of (11-20) GaN, so that the micro-rod spacing along c-direction
is larger than those along other directions. A standard stripe-pattern template is shown in Figure 2(b)
where the parallel stripes orientate along the <1-100> direetitin both width and spacing of 1.5
um. In both cases, the etching is performed down to the sapphire substrate and the fosmesiSiO
remains on top of GaN micro-rods/stripése heights of micreeds and stripes in the three samples
are all about Jum. Before the overgrowththe templates further undergo PEC etching in a KOH
solution under UV illumination for 60 min. Due to the orientation dependence of the PEC etching,
the micro-rods are etched from (000-1) facets while (0001) facets are un-etched. As shown in Figure
2(c), “mushroom” configuration is formed for the micro-rods, which is expected to effectively
suppress the <000-1> overgrowth. The stripes in Fig.2(d) also demonstrate an undercut configuration
of (000-1) sidewalls.

Subsequently, the micro-radmplate is reloaded into the MOCVD reactor chamber for the
GaN overgrowth. The growth pressure, growth temperature and V/Ill ratio are 118 torr, 1130°C,
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1800, respectively. Figure 3(a) shows the surface of (11-20) GaN overgrown after 4000 sec on the
micro-rod template. At this stage, the gap between the micro-rods have been completely filled
Though the <0001> growth rate can be much faster than those along other orientations, our unique
pattern configuration of micro-rods where spacing distance along c-direction is larger than those
along other directions, helps compensate the intrinsically anisotropic growth rate of nonpolar GaN. It
thus leads to quick completion of first coalescence. With the vertical growth becoming dominant, the
overgrown GaN layer exceeds the height of the micro-rods and the second coalescence is happening
above the Si@masks. Consequently, regularly spaced pits appear on the surface with each pit above
each micro-rod. A full coalescence can be achieved after 8000 samj~@owth for the GaN on

the micro-rod template, finally forming a smooth surface (Figure 3(b)). However, it is not available
for the overgrowth of nonpolar GaN on the stripe template. Figure 3(c) shows the surface 9f (11-20
GaN after 4000 second growth on the strip template. Due to that the <-0001> growth is suppressed
the priority <0001> growth, starting frosrc-face sidewalls of stripes, leads to the overgrown GaN

in form of stripes. Simultaneously, GaN is grown along the vertical direction. As a result, when the
+c face of one GaN stripe is meeting with tiedace of the neighbouring GaN stripe, the thickesss

of the two GaN stripes at the meeting place have a large difference, which pradct&80>-

oriented slit. The thickness difference cannot be smoothed out after 8000 second growth. As shown
in Figure 3(d), there are still a large density of stripy pits remained on the surfadardgénaon-
uniformity in the nonpolar GaN growth on the stripe template is attributed to bahstdropic

pattern shape and the intrinsically anisotropic growth rate.

For sample A, sample B and sample C studied in this paper, the layer thicknesses of each overgrowth
are identical, about 3im. The crystal qualities of the three nonpolar (11-20) GaN samples are
characterized by high resolution X-ray rocking curve (XR@pasurements as a function of azimuth
angle,using a Bruker D8 high resolution X-ray diffractometer v@thK o radiation source (1.5418A)

at the energy of 40kV and 40mAhe azimuth angle is defined a% When the projection of an

incident X-ray beam on a nonpolar (11-20) GaN surface is parallel to the c direction of (11-20) GaN,
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while it is defined as 90when the projection of the incident x-ray beam is along the [1-100] direction,

i.e., m direction.

3. Resultsand discussion

Figure 4(a) shows the full width at half maximum (FWHM) of on-a$&C as a function of azimuth

angle for the three samples. For sample A, the FWHMS$ .&& along the [0001] direction and
0.10% along the [1-100] direction, respectively, which are dramatically reduced compared to the
0.33 and0.52 arcsec for the as-grown template (not shown here). With a similar thickness, sample
B has broader FWHMs than sample A. Importantly, the double-overgrown sample demonstrates the
smallest FWHM values among the three samples, WiiB3 along the [0001] direction ari@087

along the[1-100] direction, respectively, which are the best report for non-polar (11-20) GaN on
sapphire so farAs an example, the XRC at azimuth angle ¢f 80sample C is presented in Figure

4(b). It indicaksthat the double overgrowth approach can further improves the crystal quality of
nonpolar GaN compared to the stripe-only overgrowth and the micro-rod-only overgrowth.

In order to gain insight into the origin of significant improvement in crystal quality,
microstructural characterization are carried out on sample A and sample C, using a Phillips EM 430
TEM operated at 200 kV with a point resolution of 0.2 riHigure 5(a) shows the typical cross-
sectional TEM images of sample A, taken under two-beam conditions with g=11-22 close to the [1-
100] zone-axis, to observe threading dislocations and partial dislocatiohseading dislocation
(TD) is one that extends from the surface of a strained layer system and goes througin.thdn&s/
three types in the wurtzite structusglge-type, screw-type, and mixed-type. In Figure 5(a), all three
types of TDs andrrank partial dislocations can be observeds seen clearly that the dislocation
density in the overgrown GaN is significantly reduced in comparison witlggeown template
existing in form of micro-rods. The SiQayer remained deliberately on the top of rods plays an
important role in both blocking the dislocations and enhancing the lateral growth from rod sidewalls.

At the bottom between two neighbouring micro-rods, one void is formed due to meeting of the GaN



crystal growing along <0001> direction with the GaN crystal growing along <000-1> dire&tion.

well known, the <0001> lateral growth of nonpolar GaN leads to defect-free GaN, while the <000-
1> lateral growth allows defects to origin in the overgrown lasat&Therefore, the <000-1> faces

of micro-rods in our case are deliberately etched by KOH solution to suppress the <000-1> growth.
In addition, the <0001> growth rate can be much faster than the <000-1> growth by optimising
growth conditions such as increasing the growth temperature, causing the <000-1>-grown GaN to be
confined near the N-face side of the micro-rédnsequently, the overgrown GaN between the two
micro-rods is nearly free of dislocations as shown in Fi§(ae A small amount of dislocations are

only observed regularly in the upper part of overgrown GaN between two micreirdsihly due

to the growth from the nearby micro-rod on another row with a growth direction along <1-100>.

One of the major planar defects in non-polar GaN is basal plane SFs (BS§&&).plane
stacking faults (BSF) in the wurtzite structure can be treated as planar defects forming locally the
ABC cubic structure within the usual ABABAB stacking sequehterder to bring the BSFs in the
non-polar GaN into contrast, it is necessary to tilt the specimen3By from [1-100] zone-axis
towards [1-210] zone-axis during a TEM observation. Figure 5(b) is a TEM image of sample A taken
under g=10-10 diffraction condition, where the BSFs in form of straight lines perpendicular to the
surface can be seen clearly. Due to the <0001> lateral growth, BSFs diminished in some areas near
the Ga-face side of micro-rods, because the original BSFs lying in basal planes coutedbedim
through the overgrowth only when the lateral growth proceeds normal to the basal planes, i.e., the
<0001> growth. However, the BSF density is still high, especially around the micro-rods. This can
be ascribedo the round sidewall of micro-rods, which causes the lateral growth to proceed along
<0001> direction as well as along other directions, such as <1-100> direction, resulting in extending
of pre-existing BSFs into the overgrown GaN layer.

In contrast, the overgrowth on stripe templates can impede BSFs in (11-20) GaN much more
effectivdy, as the <1-100>-oriented stripes have only (0001) and (-0001) facets, which make full use

of the <0001> growth. Therefore in our double-overgrowth approach, an overgrowth on the <1-100>-



oriented stripe template is employed as first step to effigidahbick extending of BSFs in the as-
grown template. It is clearly seen in Figure)@lat the BSE(marked by red arrows) adeamatically
reduced compared to tlsgrown template, with a density of ~1¥0n. Only a small amount of

BSFs are observed near the Ga-face sidewall of each stripe, indicating they initiatedh&here
<0001> growth just started. It is possibly ascrib@the inclined sidewall of stripes, which cannot
ensure the growth from the stripes is totally along <0001> direction. With the vertical growth
proceeding, the BSFs extend into the first-regrown GaN layer and even the second-reghkown G
layer. Due to that the SiQayer for the second overgrowth is shaped as a disc with a diameter of 2.5
pum, it cannot completely block the BSFs lying along basal planes from penetrating into the second-
regrown GaN layer. However, the second overgrowth with micro-rod pattern can further reduce
dislocations in the first-regrown GaN layer. As shown in the image of Figure 6(b), taken with g=11-
22 close to the [1-100] zone-axis where nearly all dislocations can be observed, some dislocations
extending from the GaN overgrown on stripes are stopped undep @iSidmarked by red circle)
leading to further reduction in dislocation density in the upper GaN layer. This is attributed to direct
blocking by the Si@ layer or annihilation produced by the lateral growth during the second
overgrowth process. According to plan-view TEM observation, the dislocation density is about 5x10

cm?,

4. Conclusions

We compared the nonpolar (11-20) GaN grown on regularly arrayed micro-rods, on <1-100>-oriented
stripes, and witha double overgrowth. The overgrowth on micro-rods can significantly reduce
dislocations, simultaneously maintaining a smooth sample surface. The overgrowth on stripes block
BSFs in the nonpolar GaN more effectively, but it is difficult to obtain a flat GaN surface dsie to
anisotropic pattern for overgrowth. The double overgrowth technique which employs the first
overgrowth on stripes and the second growth on micro-rods, successfully utilizes the strengths of the
two kinds of overgrowths, and will be a very pniging approach to achieve high quality nonpolar

GaN for large-scale industrial production.
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Figure Caption

Figure 1 Schematic of (a) sample A, (b) sample B, and (c) sample C overgrown on sapphaisubstr

Figure 2 SEM images of a micro-rod template (a) before and (b) after KOH solution etching, and a

stripe template (c) before and (d) after KOH solution etching, for the overgrowth of nonpolar GaN.

Figure 3 Plan-view SEM images of nonpolar GaN after (a) 4000 sec and (b) 8000 sec growth on a

micro-rod template, and nonpolar GaN after (c) 4000 sec and (d) 8000 sec growth on a stripe template.

Figure 4(a) The FWHMs of on-axis X-ray rocking curves as a function of azimuth angknfoolar
(11-20) GaN grown on stripes, on micro-rods, and with double overgrowth appftbackray

rocking curve at azimuth angle off@r nonpolar GaN with double overgrowth approach.

Figure 5 Cross-sectional TEM images of GaN grown on a micro-rod template, (a) taken[&round

100] zone-axis with gE1-22 and (b) taken arourjil-210] zone-axis with g=10-10.

Figure 6 Cross-sectional TEM images of GaN grown with double overgrowth approach, (a) taken

around[1-210] zone-axis with g=10-10 and (b) taken around [1-100] zone-axis with g=11-22.

13



Figure 1

m Sio,
o GaN
sapphire

() (b) (c)

14



Figure 2

15



Figure 3

16



Figure 4

(a) o018 .
On stripes
A On micro-rods
0.14}F ® Double overgrowth
m
o
o 012F
(1]
z
A A,
= o10} A A
< A A
* A et , .
0.08f , a4 o i,
¢ ®
®
0.06 4 ' | 'l Il » .
0 40 80 120 160 200
Azimuth angle (degree)
(b)
2.0x10°}
El
& 1.5x10%}
2
7]
c
8 1.0x10%}
£
8
(74
X 5.0x10%}
0.0 L M .
28.8 28.9 29.0 29.1

Rocking Angle (degree)

17



Figure 5

18



Figure 6

19



