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ABSTRACT: The existence of high threading dislocation
density (TDD) in GaN-based epilayers is a long unsolved
problem, which hinders further applications of defect-sensitive
GaN-based devices. Multiple-modulation of epitaxial lateral
overgrowth (ELOG) is used to achieve high-quality GaN
template on a novel serpentine channel patterned sapphire
substrate (SCPSS). The dislocation blocking brought by the
serpentine channel patterned mask, coupled with repeated
dislocation bending, can reduce the dislocation density to a
yet-to-be-optimized level of ∼2 × 105 to 2 × 106 cm−2. About
80% area utilization rate of GaN with low TDD and stress
relaxation is obtained. The periodical variations of dislocation density, optical properties and residual stress in GaN-based
epilayers on SCPSS are analyzed. The quantum efficiency of InGaN/GaN multiple quantum wells (MQWs) on it can be
increased by 52% compared with the conventional sapphire substrate. The reduced nonradiative recombination centers, the
enhanced carrier localization, and the suppressed quantum confined Stark effect, are the main determinants of improved
luminous performance in MQWs on SCPSS. This developed ELOG on serpentine shaped mask needs no interruption and
regrowth, which can be a promising candidate for the heteroepitaxy of semipolar/nonpolar GaN and GaAs with high quality.

KEYWORDS: GaN, epitaxial lateral overgrowth, serpentine channel mask, dislocation reduction, MOCVD, InGaN quantum well

■ INTRODUCTION

III-Nitride compound semiconductors have attracted much
interest and achieved tremendous progress in recent years.
Considering the native substrate with large size is still not
commercially available at low cost, GaN-based structures are
usually grown on sapphire, Si and SiC substrates by
heteroepitaxy. However, high-density structural defects are
generated in GaN epilayers because of the large lattice and
thermal mismatches between GaN and these heterosubstrates.1

These defects can act as nonradiative recombination sites,
carrier scattering centers, current leakage paths, etc.2−6 The
electrical and optical qualities, such as device lifetime, electron
mobility, current leakage, and quantum efficiency of GaN-based
devices are deteriorated, which are very important to laser
diode, high electron mobility transistor, photodetector, and UV
light-emitting diode (LED).2−6 Obviously, it is urgent and
challenging to effectively diminish the defect density in GaN
template for the subsequent growth of InGaN and AlGaN
alloys.
Many growth techniques have been utilized to reduce

extended defect densities in GaN. One of the most common
and promising methods is epitaxial lateral overgrowth (ELOG)

and its derivatives, such as pendeo-epitaxy (PE) and facet-
controlled epitaxial lateral overgrowth (FACELO).1,7,8 In situ/
ex situ micro/nanoscale SiNx/SiO2 patterned masks or
patterned substrates with stripe, column, sphere, cone shapes
and etc are usually uesd.1,2,7−11 Latest attempts using the hybrid
substrates coated with carbon nanotubes, graphene, and boron
nitride have been proposed.12−14 The laterally grown areas
(wing region) are nearly defect-free, since the propagation of
structural defects beneath the mask can be directly blocked.
However, defects which come from the coherently grown GaN,
still propagate above the openings of the mask, leading to
highly faulted window region by most of ELOG methods.
Further defect reduction in window region is obtained by
introducing the defect bending, which is tailored to form
triangular pyramidal facets via growth conditions.1,7 It is proved
to be efficient for threading dislocations in polar GaN. As for
nonpolar/semipolar GaN, the defects such as basal plane
stacking faults (BSFs), prismatic plane-stacking faults (PSFs),
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partial dislocations (PDs), are situated on specific planes.15,16 In
this case, the bending of stacking faults is not possible, and the
defect filtering should be therefore limited using these
techniques.
Hence, we propose an innovative serpentine channel

patterned mask, and aim to make the most use of mechanical
blocking effect by mask geometry, which is independent of the
nature of the defects. In the meantime, bending effect of defects
can also be enhanced. In particular, even if the dislocation
bending is ineffective in the cases just mentioned, the blocking
mechanism can still make the main contribution to the defect
annihilation in window region.
In this work, we apply the serpentine channel patterned mask

to c-plane sapphire substrate (SCPSS, Figure 1a). ELOG of
GaN template with no need for regrowth, and InGaN/GaN
multiple quantum wells (MQWs) have been achieved. GaN
template on SCPSS contains a low dislocation density of ∼2 ×
105 to 2 × 106 cm−2, comparable to that by freestanding GaN
homoepitaxy.17−19 Local optical properties as well as stress
distributions of GaN epilayers in different regions have been

examined. The correlations between the modulated ELO
process and the observed dislocation annihilation and stress
relaxation are also established. Especially, a dramatic decrease in
the defect density is demonstrated in both wing and window
regions on SCPSS, expanding the contiguous area with low
dislocation density, compared to most other ELOG techniques
with two highly defective regions. The performance of MQWs
grown on SCPSS is greatly improved in comparison with the
reference sample on conventional sapphire substrate (CSS).

■ EXPERIMENTAL SECTION
The Si3N4 and SiO2 three-layer stack of the serpentine channel
patterned mask is clearly confirmed by the scanning electron
microscopy (SEM) image and optical microscopy (OM) image in
Figure 1b, c. Details of mask fabrication can be found in the
Supporting Information. The ELO of GaN on SCPSS was conducted
in a Thomas Swan close-coupled showerhead metal−organic chemical
vapor deposition (MOCVD) system. Trimethylgallium (TMGa) and
ammonia (NH3) were used as precursors of Ga and N with hydrogen
(H2) as the carrier gas. The temperature was at first set to 530 °C for
3−10 min to grow the GaN nucleation layer. The growth temperature,

Figure 1. (a) Schematic illustration of SCPSS. (b) SEM image (45° tilted) of SCPSS. A close-up view of the serpentine channel mask is shown in
inset. The window stripes oriented along <112 ̅0>sapphire direction with a total channel height of ∼700−800 nm are observed. (c) Plan-view OM
image of SCPSS. The widths for the open windows of the first (bottom) and third (top) Si3N4 layers are ∼2−4 μm and ∼1−2 μm, respectively.

Figure 2. (a) Flow patterns of TMGa and NH3 for the ordinary and modulated ELO methods of GaN growth on SCPSS. (b, c) Plan-view and cross-
sectional SEM images of as-grown noncoalesced GaN film on SCPSS by the ordinary ELO method. Window, wing, coalescence regions are
separated by dashed lines. The large voids are indicated by one-way white arrows. (d, e) Plan-view and cross-sectional SEM images of as-grown
completely coalesced GaN film on SCPSS by the modulated ELO method. Only narrow and tiny voids (marked by black arrows) are seen over the
mask (labeled with dashed lines) (f) Plan-view fluorescent micrograph of GaN surface on SCPSS by the modulated ELO method.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b07044
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07044/suppl_file/am6b07044_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b07044


and pressure for ELO process were varied from 1040 to 1060 °C, and
from 75 to 200 Torr. Because of the excellent nucleation selectivity of
GaN over crystalline sapphire surface, the GaN growth started from
the exposed sapphire windows of first layer rather than the amorphous
surface of SiO2 or Si3N4. As GaN grew from the first mask to the third
mask layer, modulated ELO method was adopted to obtain the fully
coalescent GaN template. For comparison, 7.5 μm thick GaN films
were grown on SCPSS and CSS, followed by the identical LED
structures, consisting of 2 μm undoped GaN, 3 μm n-type GaN, 10-
period InGaN/GaN MQWs, and 200 nm p-type GaN.
Surface morphologies and microstructural properties of the samples

were characterized by SEM and cathodoluminescence (CL) spectros-
copy in an FEI Quanta 200F equipped with a Gatan MonoCL3
system. Micro-Raman measurements were carried out using a
HORIBA JY-T64000 Raman microscope with the 514.5 nm excitation
line from an Ar laser. Transmission electron microscopy (TEM) was
performed in an FEI Titan 80−300. All above studies were operated at
room temperature (RT). The optical performance was analyzed by
photoluminescence (PL) spectroscopy, including temperature-de-
pendent PL and time-resolved PL measurements in an evacuated
chamber of a closed-cycle helium cryostat in the temperature range of
10−300 K, and power-dependent PL measurements at RT.

■ RESULTS AND DISCUSSION
The optimized ELO condition is critical to the full and fast
coalescence of GaN islands. Figure 2a depicts the ordinary and
modulated ELO methods for GaN growth on SCPSS. The
difference lies in the V/III ratio, i.e., by varying NH3 flow rate,
while keeping TMGa flow rate identical. High and low V/III
ratios can adjust growth anisotropy, and enhance the lateral and
vertical growth rates, respectively.20 In the modulated ELO
method (red line), the lateral growth rate was constantly
modulated by changing the V/III ratio according to the shape
of serpentine channel. The processes with high V/III ratio
between t1 and t2, t3 and t4, are associated with GaN growth
over the first bottom Si3N4 (first ELO) and the third top Si3N4
(second ELO), respectively. By ordinary ELO method, after the
fixed and low V/III ratio for growth inside the channel (t0−t3)
and final ELO step (t3−t4), GaN film is partially coalescent, as
presented in the plan-view SEM image of Figure 2b. From the

area not entirely covered by GaN, we can observe GaN islands
emerging from the bottom windows of the channel mask. It
suggests GaN does selectively nucleate on the bare sapphire of
bottom window instead of the amorphous Si3N4 mask and the
reaction precursors can reach the deposition surface through
the channel. GaN growth is blocked by the top Si3N4 layer
because of insufficient lateral growth within the region of the
second SiO2 layer. Figure 2c displays the cross-sectional SEM
image of the partially coalescent GaN film with a total thickness
of ∼7 μm. The voids within the mask (void 1) indicate the
lateral growth rate is not fast enough to fill the channels. After
growth of ∼3.6 μm GaN, the coalescence of GaN arises and the
voids over the top Si3N4 layer (void 2) disappear. But there still
remains some voids on the surface of GaN film (void 3), which
reveals the difficulty of coalescence using the nonoptimized
ELO growth.
By means of the modulated ELO method, the film surface is

mirror-like smooth in the plan-view SEM image of Figure 2d,
confirming that the fully coalescent and flat GaN is obtained
over whole SCPSS. As shown in the cross-sectional SEM image
of Figure 2e, GaN ELO layer has a total thickness similar to
that in Figure 2c. The channel mask is labeled with white
dashed lines. No large voids are seen in coalescent fronts,
except tiny voids (marked by black arrows) at interface of the
third Si3N4 layer, suggesting an easy and fast coalescence.
Figure 2f shows the fluorescent microscopy image of the as-
grown GaN surface. In contrast to the dark blue colored wing
and window regions, light blue colored sharp and parallel lines
are located in coalescent fronts, which are caused by the defect-
related yellow band emission.21

To further understand the modulated ELO process,
microstructural properties of selectively grown GaN were
analyzed by cross-sectional CL linescan at RT under 15 kV.
Figure 3a shows the spatial CL profiles recorded perpendicular
and parallel to the substrate surface. The emission centered at
∼361 nm (3.44 eV) is ascribed to near band edge (NBE)
emission of GaN. The other emission centered at ∼372 nm
(3.33 eV) can be assigned to the donor−acceptor-pair (DAP)

Figure 3. (a) Cross-sectional SEM image of fully coalesced GaN on SCPSS. Arrows show the directions of CL linescans performed parallel and
perpendicular to the substrate surface. CL spectra of different positions (position 1−10) collected along the (b) horizontal and (c) vertical directions,
respectively. (d) Variations in wavelength and intensity of CL peaks for GaN, revealing the crystal and strain changes during the ELO process.
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transitions arising from impurities or point defects during ELO
process.22 The blue-shifted extremely broad (e−h) plasma
emission around 340 nm (3.65 eV) is observed, indicating a
high local free carrier concentration of GaN in the channel due
to the strong unintentional doping.23,24 When the electron
beam moves from the right to the left side of GaN in the
channel, as illustrated in Figure 3b, d, the intensity of DAP peak
initially increases and then decreases, which agrees with the
modulated ELO process by tuning the V/III ratio in Figure 2a.
After GaN grew out of the bottom window, V/III ratio was
driven to a much higher value for further lateral growth over
the first Si3N4 layer, which could contribute to the acceptor-like
Ga vacancies (VGa).

22 The defects caused by the high V/III
ratio, accumulated until the V/III ratio was lowered for the
subsequent vertical growth inside the top window. The position
having the maximum DAP intensity not only is associated with
GaN featuring the highest defect accumulation in the channel,
but also corresponds to the high-to-low shift in V/III ratio
prepared for the following vertical growth. Moreover, the
wavelength of NBE peak gets shorter in the vicinity of the right
and left edges of the top mask opening, while that in the middle
of the top opening is longer and remains unchanged. The fact
that NBE emission is shifted to higher energy can be explained
by the Burstein−Moss effect, caused by the increased
concentration of free carriers near the Si3N4 and SiO2
mask.17,21,25 The CL line scanning from channel upward to
surface, was employed to study the optical properties and
residual strain. As clearly shown in Figure 3c, d, the fwhm of
NBE peak becomes narrower and the intensity keeps increasing
as GaN grows along the c-axis direction, while the (e−h)
plasma and DAP peaks gradually disappear. Such obvious
changes in CL spectra prove the improved crystal quality of
GaN grown over the whole mask, with drastically reduced
impurities and free carriers. The NBE peak also displays a
remarkable red shift of 3.79 nm (35.8 meV) along the vertical
direction. It reveals that the compressive stress of GaN is
relaxed by 0.86 GPa with growth going on by adopting the
band gap pressure coefficient (41.4 meV/GPa).26 In con-
clusion, the improved crystal quality and relaxed stress of GaN
are observed after growth emerging from the channel.
Defect- selective etchings were carried out in molten KOH

for 6 min at 280 °C to reveal the density of dislocations
threading to the surface of GaN templates. Figure 4a, b shows
the typical plan-view SEM images of the etched GaN epilayers
grown on SCPSS and CSS, respectively. Most of the etch pits
are aligned within coalescence regions, organizing along lines
parallel to the stripe orientation ⟨112 ̅0⟩sapphire, whereas window
and wing regions are nearly free of etch pits. The etch-pit
density (EPD) of coalescence region is measured ∼2−3 × 106

cm−2. And this density decreases down to ∼2−3 × 105 cm−2 in
the area between coalescence boundaries, which is 2 orders of
magnitude less than the EPD (∼1 × 107 cm−2) in GaN
template on CSS shown in Figure 4b. Every etch pit
corresponds to a TD, reflecting the spatial distribution of
TDs in GaN.27 It clearly confirms that the TDs can be
effectively reduced by the serpentine channel patterned mask.
GaN template grown on SCPSS has an average TDD of ∼3−5
× 105 cm−2, which is close to the level of freestanding GaN
homoepitaxy, PE, and FACELO,7,8,17 and approximately 1
order of magnitude less than most of the other ELOG
methods.1,9 The EPD estimated here using molten KOH is
consistent with the etch-pit result after mixture solution of
H2SO4 and H3PO4 etching at 160 °C in our previous work

(∼4−7 × 105 cm−2).28,29 Hence, within a certain tolerance,
wing and window regions can be used as a whole for high-
quality device fabrication, which accounts for about 80% of the
total area.
To explain the dislocation annihilation processes in GaN on

SCPSS, cross-sectional TEM measurement along [011 ̅0] zone
axis was employed. The TEM bright-field images of GaN inside
and outside the channel are presented in Figure 4c−g,
corresponding to region I−V marked by red numerals in
Figure 4h. As seen in Figure 4c (region I), a large number of
dislocations (white arrows) are generated at the GaN/sapphire
interface in the bottom windows due to lattice mismatch.
However, most of them terminate inside the serpentine channel
mask, some of which interact with each other and form
annihilation loops, whereas others propagating vertically are
blocked by the overhanging top Si3N4 mask. Moreover, because
of the image force of mask,30 dislocations can potentially bend
90°, then propagate laterally in parallel to the Si3N4 mask layer,
and finally terminate at both ends of channel (see Figure 4c, d).
No TDs perpendicular to mask surface are seen in region III
and IV. It indicates TDDs in wing and window regions are
below the images’ resolutions of ∼5 × 106 cm−2.16 Only few
dislocations running laterally are observed atop the edges of
Si3N4 mask (Figure 4e, f). This might be explained by the basal
plane stacking faults associated with the surface structure
imperfection.31 These horizontal dislocations terminate in
region V and combine with other TDs at the coalescence
boundary owing to the inevitable tilt of crystal planes (Figure
4g).32 The dislocation evolution is summarized in Figure 4h.
Only very few dislocations can emerge from the top window
and thread to GaN surface after blocking and bending inside

Figure 4. Plan-view SEM images of the etched GaN surface on (a)
SCPSS and on (b) CSS after molten KOH etching at 280 °C for 6
min. The top Si3N4 mask layer and top window of SCPSS are labeled
by symbol M and W, respectively. (c−g) Cross-sectional TEM bright-
field images with [011 ̅0] zone axis and [0000] diffraction vector of
region I−V on SCPSS, corresponding to regions indicated by red
numerals in h. Dislocations are denoted by white arrows. (h)
Schematic diagram of dislocation evolution for GaN grown on SCPSS.
Continuous black lines represent dislocations.
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the channel. That explains why window region features low
TDD and reduced defect area. Eventually, TDs are the most
prominent at the coalescence fronts. Types of dislocations in
different regions can be identified from the cross-sectional
TEM images with different two-beam conditions (Figures S2
and S3). Therefore, the blocking and bending of dislocations
brought by the serpentine channel act synergistically for the
effective dislocation filtering in wing and window regions.
Figure 5a presents the high-resolution X-ray diffraction

(HRXRD) ω−2θ scans for the (0002) plane of LED structures
on the as-grown GaN templates (schematic shown in inset),
which were measured at Beijing Synchrotron Radiation Facility
(BSRF). Well-resolved narrow satellite peaks up to ninth order
can be clearly distinguished, confirming the excellent
periodicity and sharp interfaces of the MQWs on SCPSS and
CSS. The indium content for the InGaN QW is calculated to be
21.7% on SCPSS, which is greater than 19.6% on CSS. As
reported by many groups, the strain in GaN template has an
obvious influence on the indium incorporation of the

subsequent InGaN growth.33−36 Here, the increased indium
composition of InGaN QW is attributed to the higher indium
incorporation due to the strain relaxation in GaN template on
SCPSS, which will be proved by the following Raman analysis.
To gain insight into the microscopic optical properties, we took
on spatially and spectrally resolved CL studies under
accelerating voltage of 12.5 kV at RT. CL line scan was utilized
to measure the SCPSS-based MQW sample within a full mask
period. The line scan data in Figure 5b is displayed by an
intensity map of MQW emission in different positions. The
area ratios determined by the intensity difference in one mask
period, are 28, 52, and 20% for window, wing, and coalescence
regions, respectively. In terms of window region, only the small
center part exhibits a slightly lower intensity than the rest two
sides by 12%. Moreover, for wing region, the CL intensity
decreases gradually as approaching the wing-coalescence
interface. The average intensity in wing region is similar to
that in window region, whereas the intensity in coalescence
region is considerably weaker. This characteristic contrast in

Figure 5. (a) HRXRD ω−2θ scans of the (0002) reflection for MQWs grown on SCPSS-based and CSS-based GaN template. Inset: schematic
illustration of the LED structure. (b) Intensity map of MQW emission measured by CL linescan under 15 kV at RT within a mask period on SCPSS,
as denoted by dashed pink lines. (c) CL spectra recorded from three typical regions on SCPSS and region on CSS with the same area 2 × 2 μm2.

Figure 6. (a) Representative Raman spectra obtained from window, wing, coalescence regions on SCPSS and region on CSS. Black dashed line
denotes the E2 (high) phonon frequency of strain-free GaN (b) Raman line-scan profile of the GaN E2 (high) phonon mode across the mask tripe
orientation, including phonon frequency, intensity, and line width variations as a function of position. (c) Stress distribution of the SCPSS-based
MQW sample is compared with the CSS-based MQW sample.
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intensity demonstrates that the optical properties are quite
sensitive to the spatial variations of crystal quality, which is well
consistent with the dislocation distribution on SCPSS. Figure
5c shows the CL spectra of different regions with the same area
of 2 × 2 μm2, which were all excited and collected under the
same conditions. The dominant peaks near 455 nm (2.727 eV)
are emitted from InGaN/GaN MQWs. The integrated CL
intensities in wing, window, and coalescence regions on SCPSS
are 2.9, 2.6, and 2.1 times those on CSS, respectively. All three
regions on SCPSS show enhanced MQW emissions than the
region on CSS, among which wing region is the most
pronounced. It is evident that the luminescence intensity of
the MQW structure is greatly improved on SCPSS. In addition
to the low dislocation density,3 the stress state is believed to be
another key factor influencing the quantum efficiency of
InGaN/GaN LEDs.13,14

To further verify the spatial variations in stress state and
crystalline quality, micro-Raman measurements were performed
with ∼1 μm spatial resolution in the z(xu)z configuration.
Figure 6a shows the representative Raman spectra extracted
from regions of the SCPSS-based and CSS-based MQW
samples. The prominent peaks associated with the E2 (high)
and A1 (LO) phonon modes of GaN are symmetry-allowed.25

Frequencies of the E2 (high) mode are 570.0, 569.9, 569.6, and
570.7 cm−1 for GaN on window, wing, coalescence regions of
SCPSS and on CSS, respectively. Compared with the standard
E2 (high) frequency 567.6 cm−1 of the unstrained GaN,13 the
E2 (high) frequency of GaN on CSS shows the maximum blue-
shift (3.1 cm−1), whereas the minimum blue-shift (2.0 cm−1)
occurs in coalescence region on SCPSS. It reveals that regions
on SCPSS and CSS have different statuses of the compressive
strain, which will be discussed in Figure 6b. The A1 (LO) mode
of GaN on CSS has a nearly symmetric peak centered at 736.2
cm−1. On the other hand, the A1 (LO) modes on SCPSS are
shifted upward with asymmetric and broadened peak shapes. It

can be attributed to (i) mixing of the A1 (LO) with the E1 (LO)
phonon mode due to the crystallographic tilt of ELO layer32

(ii) LO phonon-plasmon coupling enhanced by the diffusion of
Si atoms from the Si3N4 and SiO2 masks besides n-doped
GaN.25,37 The shoulder peaks of phonon modes at ∼561 cm−1

are observed on both SCPSS and CSS. They should mainly
come from the E2 (high) modes of InGaN layers in MQWs.38

The contributions of the symmetry-forbidden E1 (TO) modes
at ∼559 cm−1 are relatively small here. Otherwise, the peak at
∼561 cm−1 should have noticeable changes on CSS under a
perfect backscattering geometry. Micro-Raman line-scan was
performed along the direction perpendicular to the mask stripe
orientation of SCPSS. In Figure 6b, the line profile of E2 (high)
phonon mode shows periodic variations throughout the surface.
The biaxial stress can be calculated by Δω = Kσxx, where Δω is
the measured Raman frequency shift of E2 (high) mode with
respect to the unstrained GaN and the stress coefficient K of
2.56 cm−1/GPa.13 As shown in Figure 6c, GaN on CSS suffers
the most compressive stress (1.21 GPa) as a result of the lattice
and thermal mismatch. By contrast, GaN on SCPSS
experiences some levels of stress relaxations in different
regions. The minimum relaxation locates in the center of
window region with the stress reduced to 0.93 GPa. GaN in the
top window actually arises from the vertical growth of the first
ELO layer inside the channel. There is no direct contact with
the exposed sapphire which helps relieve some strain.37 A
minor deterioration of the crystal quality is observed only in the
center of window region, which is discerned from the slightly
decreased intensity and increased line width of the E2 (high)
phonon as compared to the edge area of window region. This
indicates again the improved crystal quality in window region
compared with the conventional ELOG. During the second
ELO step, the E2 (high) frequency gradually decreases by only
0.2 cm−1 from the center of window to wing region. Thus,
further strain relaxation is continued in wing region and the

Figure 7. (a) Normalized integrated PL intensity of MQW emission as a function of temperature from 10 to 300 K for the MQW samples on SCPSS
and CSS, with the best fitting of the Arrhenius plots based on eq 1. (b) Peak energy and fwhm of PL as a function of temperature for the two
samples. (c) Variations in peak energy and fwhm (in inset) with excitation power ranging from 2 to 46 mW measured at RT.
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stress value is lower (0.90−0.86 GPa). When approaching the
coalescence region, the E2 (high) phonon in wing region has
slightly weaker intensity and larger line width than that at the
window-wing boundary. It is mostly due to the accumulated
crystallographic imperfection in GaN over the Si3N4 mask.10

Particularly, the significant stress relaxation occurs at the
coalescence boundary with the minimum stress of 0.78 GPa,
which may result from the increased dislocations and Si-dopant
at the meeting fronts.10,33 The maximum line width and
minimum intensity of the E2 (high) phonon also prove that the
dislocations and the wing tilt are most prominent in
coalescence region. Thus, large contiguous area of GaN
(wing and window regions) with low dislocation density and
less residual stress is obtained on SCPSS.
To assess the enhancement of internal quantum efficiency

(IQE), temperature-dependent PL (TDPL) measurements
were carried out from 10 to 300 K by using a 405 nm laser
as the excitation source. The normalized integrated PL
intensities of MQW emission as a function of temperature,
together with the fittings of the Arrhenius plots, are
summarized in Figure 7a. The IQE can be estimated by the
integrated PL intensity ratio of 300 to 10 K (I300 K/I10K),
assuming the quantum efficiency at 10 K is unity.39 A great
enhancement of 52% is gained, as the IQE of MQWs is
calculated to be 38% on SCPSS and 25% on CSS. The
discussion about the nonradiative recombination is performed
by fitting the Arrhenius equation as follows

∝
+ ∑ −

I T
C E k T

( )
1

1 exp( / )i i iA B (1)

where I(T) is the normalized integrated PL intensity, EAi
represents the activation energies of the nonradiative
recombination centers. Ci is the rate constants, and KB is
Boltzmann’s constant.39,40 We note that the integrated PL
intensity drops rapidly only in high-temperature range for both
samples. So the single nonradiative recombination channel is
used for best fittings. Here, the large activation energy EA is
referred to the localization energy barrier between the localized
potential minima and the nonradiative recombination centers,
taking charge of the dominant thermal quenching of the PL
intensity in high-temperature range.14,41 The EA of MQWs on
SCPSS and CSS are 144 and 89 meV, respectively. The larger
value of EA on SCPSS indicates a higher energy barrier for
carriers captured by the nonradiative recombination centers,
which is due to the greatly reduced TDs in ELO GaN.34,40

In low-temperature range, the integrated PL intensity on CSS
drops slightly with temperature, whereas that on SCPSS shows
almost no decrease. It should be related to the different carrier
localization degrees.14,34 To clarify this, the peak energy and
fwhm of the MQW emission at different temperatures shown in
Figure 7b are analyzed. At 10 K, a higher peak energy of
MQWs on SCPSS is primarily contributed by the reduced
piezoelectric field, though the average indium content
calculated is slightly higher than that on CSS. The broader
fwhm can be explained by the small differences of indium
content among three regions on SCPSS since we did not use
micro-PL system. For both samples, the peak energy is red-
shifted up to around 220 K, and then blueshifted with
temperature up to 300 K. This S-shaped temperature
dependence of peak energy is typical in InGaN-related emission
and is the evidence of localization states.42−44 At very low
temperature, photoexcited carriers are randomly distributed
among the localized states. As temperature rises (25−220 K),
the weakly localized carriers are thermally activated and have
more opportunity to relax down into the lower energy tail
states via hopping, resulting in the initial redshift of peak
energy. Then as temperature further increases to 300 K, the
localized carriers have enough thermal energy (kBT) to
populate higher energy states, causing the blueshift and
increased fwhm. Specifically, transition from redshift to
blueshift of peak energy occurs at 260 K on SCPSS, which is
higher than 220 K on CSS. It reveals that the localized carriers
in MQWs on SCPSS need higher transition temperature, i.e.,
higher thermal energy to transfer to higher energy states, which
is caused by a stronger carrier localization effect of MQWs on
SCPSS.44−46 Compared to MQWs on CSS, the higher
transition temperature and the slower rate of blueshift with
temperature on SCPSS, result in the crossover of peak energies
at 270 K, and finally slightly lower peak energy at 300 K (RT).
Previous study shows that the high crystal quality of GaN
substrate leads to narrow and deep potential valleys
accompanied by the enhanced localization in MQWs.18 The
stress-relaxed InGaN film is also proven to have more
pronounced carrier localization than the strained InGaN
film.34,47 Therefore, both of the improved crystal quality and
stress relaxation of the underlying GaN template lead to the
stronger carrier localization of MQWs on SCPSS. In light of the
above TDPL findings, the reduced TDs and increased
localization effects enable more carriers trapped by localized
states and fewer by dislocations, leading to the suppressed
nonradiative recombination in the MQW sample on SCPSS.

Figure 8. Experimental and fitted traces of time-resolved PL measurements for the MQW samples on SCPSS and on CSS taken under the respective
PL peak energies at (a) 10 K and at (b) RT. The fast decay time and the slow decay time listed in the plots are fitted by biexponential decaying
function eq 2.
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Figure 7c shows the excitation power-dependent variations of
the PL peak energy and line width at RT. As the excitation
power increases from 2 to 46 mW, the peak energy shows a
buleshift of 3.3 and 10.6 meV respectively, accompanied by a
gradual decrease in fwhm (in the inset). It is known that the
carrier screening of quantum confined Stark effect (QCSE) can
induce a blueshift of the peak energy and decrease of line width
with increasing excitation power.48 The much smaller blueshift
suggests weaker QCSE in MQWs on SCPSS, arising from the
reduced piezoelectric field weakened by the stress relaxation.49

Therefore, the reduced QCSE of MQWs on SCPSS is
demonstrated, conforming to the Raman results. Its influence
on the radiative recombination rate will be discussed next.
To further investigate the recombination dynamics in

MQWs, we conducted time-resolved PL (TRPL) measure-
ments under the same pump density at 10 K and RT. The
radiative recombination can be conspicuously studied at 10 K,
because the nonradiative recombination is almost frozen at low
temperature.50 The PL decay traces at 10 K for emission peaks
are illustrated in Figure 8a. The PL decay curves can be well-
fitted by biexponential decaying function50,51

τ τ= − + −I t A t A t( ) exp( / ) exp( / )1 1 2 2 (2)

where the fast decay time τ1 represents radiative recombination
of free excitons and the relaxation of excitons from free or
extended states to localized states, and the slow decay time τ2
describes transport among localized states and the radiative
lifetime of localized excitons. Note that at 10 K, MQWs on
SCPSS exhibit shorter lifetimes of τ1 = 1.41 ns and τ2 = 8.19 ns
for both fast and slow decays, whereas MQWs on CSS has
lifetimes of τ1 = 2.20 ns and τ2 = 14.08 ns. The shorter lifetimes
of MQWs on SCPSS indicate faster rates and hence higher
efficiency of radiative recombination. We believe that the
electron−hole wave function overlap is enlarged because of the
reduced less piezoelectric field and QCSE on SCPSS, increasing
the radiative recombination rates and IQE.49,52 Moreover, the
radiative (τr) and nonradiative (τnr) lifetimes at RT can be
derived from52 1/τPL = 1/τr + 1/τnr and ηint = 1/(1 + τr/τnr),
where IQE (ηint) at RT has been calculated in Figure 7a, and
the representative decay lifetime (τPL) can be obtained from
Figure 8b. The weight ratio A1/(A1 + A2) exceeds 87% for both
samples. It means the fast decay τ1 dominates the overall PL
decay and can be taken as τPL for MQWs on SCPSS (2.01 ns)
and on CSS (2.15 ns) at RT. As a consequence, the MQW
sample on SCPSS has a shorter radiative lifetime τr (5.31 ns)
and a longer nonradiative lifetime τnr (3.24 ns), compared with
τr(8.61 ns) and τnr (2.87 ns) of MQWs on CSS, proving
enhanced radiative recombination and suppressed nonradiative
recombination. Thus, the reduced nonradiative recombination
centers, the enhanced carrier localization and the suppressed
QCSE are jointly responsible for the significantly improved
performance featured by the SCPSS-based MQW structure.

■ CONCLUSIONS
In summary, we have developed an innovative ELOG technique
based on SCPSS without regrowth and further optimization,
which can greatly decrease the dislocation density. To obtain
the fully coalescent GaN, the lateral growth rates in different
ELOG stages were carefully modulated according to the shape
of serpentine channel mask. In addition, periodical spatial
variations on the crystal quality and stress state are elaborately
identified in GaN epilayers on the mask. The contiguous area of
low defect density GaN is expanded to both the wing and

window regions on SCPSS. Moreover, IQE of the MQW
sample on SCPSS is proved to be 52% higher than that on CSS.
Here, the reduced defect density and the relaxed stress jointly
contribute to the enhanced performance of InGaN MQWs on
SCPSS. In essence, the device performance should be more
outstanding if all wing and window regions are connected
together while periodic coalescence region is etched away. The
sufficient dislocation blocking from the serpentine channel
patterned mask opens up a production route for growing polar/
semipolar/nonpolar-plane GaN-based devices with high quality
on substrate with severe mismatch like Si substrate, etc.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b07044.

Fabrication process of serpentine channel patterned
sapphire substrate as well as the calculations of the
indium composition of MQWs determined by simu-
lations of HRXRD ω−2θ scans of (0002)-plane; cross-
sectional TEM bright-field images of GaN in different
regions on SCPSS with different two-beam conditions
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: chenwh@pku.edu.cn.
*E-mail: huxd@pku.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China (Grants 61334005, 51272008, and
11505015), the Key National Research and Development
Program (Grant No. 2016YFB0401801), and the National
Basic Research Program of China (Grant No. 2014CB846001).
Y.H.X. acknowledges the support from Alexander von
Humboldt Foundation Research Award. The authors thank
all the staff involved during the measurements at the beamline
1W1A at BSRF.

■ REFERENCES
(1) Gibart, P. Metal Organic Vapour Phase Epitaxy of GaN and
Lateral Overgrowth. Rep. Prog. Phys. 2004, 67, 667−715.
(2) Nakamura, S. The Roles of Structural Imperfections in InGaN-
Based Blue Light-Emitting Diodes and Laser Diodes. Science 1998,
281, 956−961.
(3) Schubert, M. F.; Chhajed, S.; Kim, J. K.; Schubert, E. F.; Koleske,
D. D.; Crawford, M. H.; Lee, S. R.; Fischer, A. J.; Thaler, G.; Banas, M.
A. Effect of Dislocation Density on Efficiency Droop in GaInN/GaN
Light-Emitting Diodes. Appl. Phys. Lett. 2007, 91, 231114.
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