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ABSTRACT: Undesirable nonuniformly distributed defects and N
mixed (1103) and (1122) phases during the growth of semipolar Npolar - \
GaN films on m-plane sapphire substrates have been known to exist. sped fic sites
In our study, we developed an interface-modification technique to
achieve in situ site-specific Ga filling, nucleation, and nanograin
growth, which efficiently blocked threading defects there. We have
identified the mechanism governing the site-specific Ga filling and
nanograin growth into Ga-rich islands based on surface atomic
structures and theories of Gibbs free energy. Using the interface
modification, we have achieved high-quality semipolar (1122) GaN
films that enjoy merits of a very low basal-plane stacking fault
density of ~9 X 10° cm™, a low threading dislocation density of ~9
X 107 em™2, and the strong band-edge-emission-dominated
luminescence.
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H INTRODUCTION lescence boundaries).”"*® If the propagation of these defects

Semipolar (1122) group-III nitrides materials have attracted can be efficiently stopped, qualities of the subsequent layer can

considerable research interests in the field of high-performance be further improved.””*"

optoelectronic devices' due to their merits of (a) nearly free In the present study, based on surface atomic structures and
electric fields along the growth orientation,” (b) the wide theories of Gibbs free energy,29‘30 we have developed an
growth window,*™ (c) and the high indium incorporation interface-modification technique by in situ site-specific growth
efficiency.”® Currently, various heterosubstrates have been of Ga-rich islands on these arrow-like structures, which is
employed to grow semipolar GaN films’™"* due to a lack of expected to block the propagation of these defects. The
large-sized and low-priced bulk GaN substrates. However, interface-modification technique is different from the SiN, or
semipolar (1122) GaN heteroepitaxial films are involved with ScN interlayering,ls’16 which usually requires ex situ processes

mixed phases, rough surface, and high-density structural defects
(dislocation density in the range of 10" cm™ and stacking fault
density in the range of 10° cm™")."*'* Various methods such as
SiN,, or ScN or superlattice interlayering,'>~"” two-step growth
method,'®"” epitaxial lateral overgrowth (ELO),”’ patterned
sapphire substrates (PSS),”"** and in situ asymmetric island
sidewall growth™® have been developed to reduce the density of

and serves as dielectric mask for subsequent ELO of GaN. We
have identified the mechanism governing the site-specific Ga
filling, Ga-rich island growth, and the Ga-rich surface formation.
Using the interface modification, we have achieved high-quality
semipolar (1122) GaN on sapphire substrates. The interface-
modification technique and the further understanding of the

threading dislocation (TD), partial dislocation (PD), and mechanism are of general scientific significance as well as of
stacking fault (SF) in semipolar (1122) GaN. technological application significance in growth of high-quality
For semipolar (1122) GaN improved by such methods, epitaxial thin films.
undesirable nonuniformly distributed defects®””' continue to
be located at the mere presence of —c regions (e.g.,, —c wings in Received: April 24, 2017
ELO or PSS)* and the coalescence boundaries””** that will Revised: ~ July 9, 2017
become arrow-like structures (arrow-shape-morphology coa- Published: August 2, 2017
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Figure 1. (a) A chart for growth details of GaN microislands and Ga-rich surface. Schematic diagrams of (b) site-specific Ga filling, growth of
microislands, and formation of Ga-rich GaN surface on ~2.2 ym HT GaN layer surface (sample Al), (c) a subsequent ~2.2 yum HT GaN layer

deposited on sample Al (sample A2), and (d) HT semipolar (1122)

GaN layers without interface modification (control samples B1 and B2).

B MECHANISM GOVERNING SITE-SPECIFIC
GALLIUM FILLING, NANOGRAIN GROWTH, AND
GALLIUM-RICH SURFACE FORMATION

We will start describing the crux of the present work, which
precisely refers to the procedure conducted in our laboratory.
On m-plane sapphire substrates, we conduct the growth of a
high-temperature (HT) semipolar (1122) GaN layer (sample
Bl, ~22 pm) at 1030 °C under 50 Torr, as traditionally
performed.”> On this layer surface, a GaN layer is deposited
under 550 °C and 500 Torr for 100 s, followed by an annealing
process for 700 s in H, ambience (Figure la). During the first
100 s, under high pressure at low temperature, dense
nanograins (~7 X 10° cm™) grow on the surface of the
semipolar HT GaN layer. The growth of these nanograins is
caused by quasi-3D growth mode at high-density-dangling-
bond sites (e.g.,, defects and step edges), resulting from low
Gibbs free energy’® and low Ga-diffusion length under low
temperature and high pressure.”’ During the following
annealing duration of 700 s, three distinctive growth processes
occur: (a) decomposition, (b) in situ site-specific Ga filling,
nucleation, and continual growth of nanograins into microis-
lands, and (c) formation of the Ga-rich surface (sample Al,
Figure 1b).

In (a), most nanograins decompose into N and Ga, the latter
of which can return to serve as the material source for (b) and
(c). In (b), Ga filling and nucleation at some specific sites and
grow into Ga-rich islands (~1.2 X 10° cm™2). These sites are
exemplified by triangular cavities (corner-like shape position),
steps (stair-like shape position),” and structural defects in fork-
like ridges (fork-shape-morphology coalescence boundaries, i.e.,
arrow-like structure) or step-like coalescence boundaries. To
nucleate and grow into microislands, nanograins formed by Ga
filling and nucleation need to satisfy following three conditions:
(i) these specific sites are N-polar, (ii) nanograins must deposit
at specific sites (e.g, fork-like ridge) that possess low Gibbs free
energy or high-density structural defects,”* and (iii) nanograin
sizes must exceed a critical size, .. In (i), the N-polar surface is
preferred for adsorption of Ga adatoms (Ga filling), nucleation,
and nanograin growth. In (ii), the Gibbs free energy in the half-
crystal model can be obtained by the supersaturated chemical

potential (Ap): Ay = 4 X 6/n (per nanometer square), where ¢
denotes (1122) surface energy (per nanometer square) and n
denotes the number (per nanometer square) of atoms in
different sites. We can deduce n, (the number of atoms in
triangular cavity) > n, (the number of atoms in step) > n, (the
number of atoms in smooth surface), implying Ap, < Apy, <
Apg, and further confirming the existence of the lowest Gibbs
free energy in fork-like ridges. In (iii), according to Thomson—
Gibbs equation, dG = dG, + dG, = udn, + udn. + odS, the r,
value can be obtained by dG/dr = 0, ie, —122r*Au/(3Q) +
8nr X ¢ = 0, leading to r. = 2 X ¢ X /Ay, where ¢ denotes
(1122) surface energy (per molecular area); Q the molecular
volume of GaN; Ay the supersaturated chemical potential of
phase transition from vapor to crystal (under high pressure and
low temperature). The supersaturated chemical potential can
be expressed as KT In(Pg/P,), where K denotes the Boltzmann
constant; T the growth temperature; P, the equilibrium vapor
pressure; and Pg the growth vapor pressure. The growth of
grains is driven by the presence of the high pressure (Pg) and
metallic Ga atoms surrounded by ammonia and hydrogen
molecules.

After discussions of the site-selective Ga-rich island growth,
let us further clarify the defect-blocking mechanism of these
microislands below. Some structural defects, containing misfit
dislocation, stacking fault, and tiny void, are usually generated
during Ga filling, nucleation, and coarsening of Ga-rich GaN
nanograins into microisland. These defect-imbedded microis-
lands can efficiently stop the propagation of defects in the
vicinity of fork-like ridges and step-like coalescence boundaries
(Figure 1c). In (c), the Ga richness, which originates from the
existence of some metallic Ga as surfactants,” enhances the Ga-
face growth. Subsequently, this enhancement suppresses N-face
growth in the subsequent layer of semipolar (1122)
G211\1,123’34’35 and increases the adatom lateral diffusion (Figure
1b).”

The combination of these three growth processes leads to
the formation of the Ga-rich surface and Ga-rich microislands
site-selectively aggregating on fork-like ridges or other
coalescence boundaries. Finally, relying on this formation, we
can obtain a high-quality HT semipolar (1122) GaN layer with
a smooth surface (sample A2, Figure lc). Simultaneously, for
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comparison purposes, we prepare HT semipolar (1122) GaN
layers without this formation (samples B1 and B2, Figure 1d)
to confirm impacts of the in situ site-specific Ga filling, Ga-rich
microislands, and the Ga-rich surface on crystalline qualities,
crystalline phases, and surface smoothness. Samples A2 and B2
were prepared by a subsequent layer growth of ~2.2 ym HT
GaN on samples Al and BI.

B CHARACTERIZATION METHODS

All semipolar (1122) GaN films on (1100) m-plane sapphire
substrates were grown in a metalorganic chemical vapor deposition
system (Thomas Swan, close-coupled showerhead 3 X 2” reactor).
Trimethylgallium and high-purity ammonia were used as source
precursors, and hydrogen as the carrier gas.

Surface stoichiometric information was analyzed by X-ray photo-
electron spectroscopy (XPS, PHI Quantum2000) with an Al K, X-ray
excitation source (hv = 1486.6 eV). Surface morphologies of semipolar
GaN epilayers were investigated by scanning electron microscopy
(SEM, Hitachi-SU70) and atomic force microscopy (AFM, SII
SPA400). Samples Al and Bl were etched via the 1 M KOH
solutions at 85 °C for 120 s. X-ray diffraction (XRD, PHILIPS X 'Pert
PRO) and Raman spectroscopy (RAMAN-11) were used to
qualitatively analyze the crystalline quality of the semipolar GaN.
The luminescence property of the semipolar GaN was investigated by
photoluminescence (PL) at 300 K and cathodoluminescence (CL,
Model iHR320 Spectrometer System) at 88 K with an electron
acceleration voltage of 20 kV and a beam current at 95 nA. The
microstructures of samples A2 and B2 were investigated by
transmission electron microscopy (TEM, JEM2100) and selected
area electron diffraction (SAED) using an accelerating voltage of 200
kv.

B RESULTS AND DISCUSSION

Both the existence and critical characteristics of Ga-rich surface
are analyzed by XPS spectra (Figure 2) which are referenced to
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Figure 2. XPS spectra of Ga 3d5/2 photoelectron peak and N 1s
photoelectron peak for samples Al and B1. In the figure, fitted peaks
of 18.3, 19.5, and 397.0 eV correspond to Ga 3d5/2 (Ga—Ga), Ga
3dS/2 (Ga—N), and N 1s (N—Ga), respectively.

the XPS data book with the C 1s peak fixed at 284.8 eV.*° The
average gallium to nitrogen ratio, calibrated by sensitivity
factors, is defined as X(ssa/N = (IGa3d5/2/ F Ga3d5/2)/ (In1/Fxis),
where S denotes the name of a sample; I the integrated
intensity; and F the sensitivity factor (Fg,345/2 = 0.438 and Fy,
= 0.499). Auger signals originating from gallium are intention-
ally excluded in integrated intensity of the N 1s photoelectron
peak. Results of XPS spectra, Xas/n ~ 1.04 and Xen = 0.99 for
samples Al and Bl validate the Ga-richness existence on the
surface of sample Al, which is attributed to GaN decom-
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position and subsequent N desorption. As one of advantages,
the N-polar {1103} facet growth is ultimately suppressed
during the growth of the subsequent HT GaN layer.””**°
Surface morphologies of samples Al and Bl (Figure 3)
present striations (~0.30 pm™'), which are related to

[1-100]

1\—> [-1-123]

[1-100] [-1-123]

10 pm

[nm]

793.87

Figure 3. SEM images of samples (a) Al and (b) B1. AFM images of
samples (c) Al and (d) BI.

anisotropy and defects,"”"” with typical fork-like ridges (~0.6

X 10° cm ™, marked by yellow arrow). Comparing Al with B1,
we observe that microislands (~1.2 X 10° cm™2, marked by red
arrow) appear in the former, whereas they are absent in the
latter. The average lateral size of microislands is roughly
estimated as ~3.0 ym along [1123] and ~1.5 ym along [1100]
(Figure 3c). The average height of microislands is ~200 nm.
The average depth of fork-like ridges is ~250 nm (Figure 3d).
These microislands scatter more densely than fork-like ridges
do because some of them aggregate on step-like coalescence
boundaries.

Figure 4a shows enlarged view of a fork-like ridge, which is
green squared in Figure 3d. Figure 4b,c shows line profiles L1
and L2 crossing over sidewall facets of the fork-like ridge. The
oblique angles for sidewall facets referring to the (1122) plane
are ~29° and 25° indicating the presence of {2021} and
{1011} sidewall facets on the fork-like ridge. Accordingly, a
geometrical model for the fork-like ridge is depicted in Figure
4d; the corresponding atomic structure is schematically drawn
in Figure 4e. Obviously the fork-like ridges have specific N-
polar sidewall facets on the surface. The density of N dangling
bonds for the {1122}, {1011}, and {2021} atomic planes is 5.9,
162, and 12.1 nm™% respectively. Therefore, the N-polar
{1011} and {2021} sidewall facets on the fork-like ridge are
preferred for adsorption of Ga adatoms. As a result, in situ Ga
filling, nucleation, and eventually formation of Ga-rich
microislands at these specific sites are achieved, as demon-
strated in Figures 2 and 3a,c.

After etching surface morphologies of both samples Al and
B1 (Figure S) show etched voids (indicated by green arrow)
and grooves (yellow arrow) due to the presence of high-density

DOI: 10.1021/acs.cgd.7b00584
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Figure 4. (a) Enlarged view of a fork-like ridge (green squared in Figure 3d). Line profiles crossing over sidewall facets of the fork-like ridge: (b) L1
and (c) L2. (d) Geometrical model showing the fork-like ridge formed on semipolar (1122) GaN surface. (e) Schematic diagram of atomic
structures for the fork-like ridges with specific N-polar sidewall facets. Cross-sectional view of atomic structures for the (1011) and (2021) atomic

planes is also shown in the figure.
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Figure 5. SEM images of samples (a) Al and (b) Bl after chemical
etching with KOH solutions.

defects and coalescence boundaries there. The microisland (red
arrow) on the incompletely covered fork-like ridge (blue
arrow) is not etched off; the etched island surface is rough
(Figure Sa). This indicates the microisland is defect-imbedded
and thus feasible to block threading defects at these sites.
Figure 6 shows surface morphologies of samples A2 and B2.
The average striation density of sample A2 is ~0.22 um™,
which is less than that of Al (or B2, ~0.30 um™"), signifying
the reduction of defects. Figure 7 shows cross-sectional TEM
images of samples A2 and B2 taken along the [1100] zone axis.
Propagation of defects is terminated at the interface between
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Figure 6. SEM images of samples (a) A2 and (b) B2.

bottom and top HT GaN layers for sample A2 (amber arrows,
Figure 7a), which further confirms the defect blocking by
interface modification. During the subsequent growth of GaN
on microislands, some threading dislocations are bent by image
forces and finally annihilated by formation of the dipole half
loop (green arrow). No defect blocking effect was observed for
sample B2 (Figure 7b). SAED patterns (insets) further support
the improvement in crystalline quality of sample A2 compared
with that of sample B2.

Crystalline phases in semipolar GaN grown on m-sapphire
need to be confirmed by XRD ®-26 scans due to the existence

DOI: 10.1021/acs.cgd.7b00584
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Figure 7. Cross-sectional TEM images of samples (a) A2 and (b) B2.
The insets are selected-area-electron-diffraction patterns of samples A2
and B2. White arrows indicate the interfaces between bottom and top
HT GaN layers.

of the (1013) phase, which results from the nitridation process
or the initial GaN growth'*** and thereby lowers the crystalline
quality and device performance. Sample A2 shows a single
(1122) peak, whereas a (1122) peak at 34.6° and a (1013) peak
at 32.2° simultaneously appear in sample B2 (Figure 8a),
confirming that the (1013) facet growth has been suppressed
by the Ga-rich surface, as mentioned in the description related
to XPS spectra. In Figure 8b the XRD @-scan peak fwhm of
sample A2 (100 arcsec) can be observed to be narrower than
that of sample B2 (190 arcsec), indicating that the crystalline
quality of A2 has been improved via the mechanism
aforementioned. This improvement is further demonstrated
by data of (a) A2: the basal SF (BSF) density ~9.0 X 10°> cm™"
and the TD density ~9.0 X 10" cm™?, and (b) B2: the BSF
density ~2.2 X 10* cm™" and the TD density ~1.6 X 10° cm™.
These data are obtained via empirically derived fwhm-defect
density relationships.'>'®** Figure 8c shows fwhm’s of (n070)
X-ray rocking curves with the incident beam aligned to the c-
axis. The fwhm’s of (1010), (2020), and (3030) diffraction
peaks from sample B2 are 0.72, 0.52, and 0.34 degree,

diffraction peaks from sample A2 are 0.42, 0.30, and 0.25 deg,
respectively, which are much smaller than those of sample B2.
These further indicate a decrease in BSF density for sample A2
with interface modification.

The Raman E¥ peak of sample A2 (568.0 cm™) shifts more
closely to the compressive-strain-free position (567.6 cm™)*’
than that of sample B2 (568.3 cm™) does (Figure 9), with the

—~ 60k| A2 E E, ]
s | —B2
> 45k ]
2
‘q:',' 30k E, (TO) 564 568 572, 676
-— Raman Shift cm™)
§ 15k} A,(TO) E,(LO) ]
4

0 T T - T

500 600 700 800
Raman Shift (cm™)

Figure 9. Micro-Raman spectra of samples A2 and B2 with clearly
visible EYY, E,;(TO), A;(TO), and E,(LO) phonon peaks.

resolution enlarged (inset). The residual compressive strain ¢
in samples A2 and B2 can be estimated to be approximately
0.10 and 0.17 GPa from ¢ = Aw/K, where Aw denotes the
peak shift (A2:0.4 cm™; B2:0.7 cm™) and K denotes the linear
strain coefficient (~4.2 cm™'/GPa). In addition, the fwhm of
E3 peak (inset) of A2 (5.6 cm™") appears narrower than that of
B2 (6.2 cm™') does, suggesting that fewer defects are
embedded in A2 than in B2.”> These Raman results do appear
consistent with XRD counterparts in terms of fwhm and defect
reduction.

Because of the existence of high-density structural defects,
semipolar GaN on sapphire generally luminesces weakly, and
this luminescence is dominated by the defects-correlated
emission.”*”” The A2 sample, which exhibits high crystalline
qualities, luminesces intensively with the band-edge (BE)
related peak at 3.40 eV, whereas B2, which contains numerous
BSFs, PDs, and prismatic SFs, luminesces weakly with the
defects-induced peak at 3.37 eV (Figure 10a). In 88 K CL
spectra (Figure 10b), the D°X emission from sample A2 is
enhanced, whereas the SF emission is suppressed compared
with that from sample B2; the intensity ratio between DX and
SF emissions is 1.6 for sample B2 and 5.8 for sample A2,

respectively. The fwhm’s of (1010), (2020), and (3030) indicating significant reduction of defect density in sample A2.
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Figure 8. (a) XRD w-26 scans of samples A2 and B2. (b) XRD  scans of (1122) peaks from samples A2 and B2 with the incident beam direction
aligned to [1123]. (c) fwhm’s of (n0R0) X-ray rocking curves (n = 1, 2, 3) with the incident beam aligned to the c-axis.
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Figure 10. (a) 300 K PL spectra of samples A2 and B2. (b) 88 K CL
spectra with emission peak energies of DX, SF, and PD at 3.4S8,
3.375, and 3.328 eV, respectively. The probe area is on the order of
100 X 100 pm?

H CONCLUSION

We have improved the crystalline quality of semipolar (1122)
GaN films on m-plane sapphire substrates using interface
modification via site-specific Ga-rich microislands and Ga-rich
GaN surface. Furthermore, we have identified mechanisms
governing (a) site-specific Ga filling, nucleation, and growth of
Ga-rich microislands on fork-like ridges of N-polar sidewall
facet surface and (b) defect blocking at these specific sites.
These microislands can aggregate on fork-like ridges as well as
other coalescence boundaries to efliciently stop the propagation
of threading defects located at these boundaries, and this Ga-
rich surface enhances the Ga-face growth to achieve pure
semipolar (1122) GaN films. The existences of Ga-rich surface
and defect-embedded microislands are proven by XPS and
KOH etching. With interface modification by in situ site-
specific Ga filling and growth of Ga-rich microislands defect
blocking effect is evident at the interface as demonstrated by
TEM. Via XRD and Raman measurements, a very low BSF
density of ~9 X 10°> cm™" and a low TD density of ~9 X 107
cm™ are depicted. Because of the crystalline-quality improve-
ment, the PL is significantly enhanced and dominated by BE
emission. In 88 K CL, the DX emission is enhanced, whereas
the SF emission is suppressed, indicating significant reduction
of defect density. The proposed concept may be applied to the
growth of various inorganic materials, but not necessarily GaN,
and to the design of various structures grown on specific
templates.
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