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In this study, we investigated high-efficiency InGaN/GaN light-emitting diodes (LEDs) grown on sapphire substrates with SiO, nanorod arrays
(NRAS) of different heights. The GaN film showed an improved crystal quality through X-ray diffraction (XRD) full-width at half-maximum (FWHM),
photoluminescence (PL), and cathodoluminescence (CL) measurements. The light output power and internal quantum efficiency (IQE) of the
fabricated LEDs were increased when compared with those of conventional LEDs. Transmission electron microscopy (TEM) images suggested
that the voids between SiO, nanorods and the stacking faults introduced during the nanoscale epitaxial lateral overgrowth (NELOG) of GaN can
effectively reduce the threading dislocation density (TDD). We believe that the improvements could be attributed to both the enhanced light
extraction by utilizing SiO» NRAs and the improved crystal quality through the NELOG method. We found that the sample with SiO> NRA
structures of 200 nm height can increase the LED output power by more than 70% in our study. © 2012 The Japan Society of Applied Physics

1. Introduction

High-brightness GaN-based light-emitting diodes (LEDs)
have been extensively applied in large full-color displays,
short-haul optical communication, traffic and signal lights,
backlight for liquid-crystal displays, and general-purpose
light fixtures." To meet the demand of next-generation
applications in projectors, automobile headlights, and high-
end light fixtures, further improvements in optical power
and external quantum efficiency are required. Typically,
heteroepitaxial GaN layers are grown on a planar sapphire
substrate by metal-organic chemical vapor deposition
(MOCVD).>® However, currently, GaN-based epilayers
still suffer from a high threading dislocation density
(approximately 1 x 103—1 x 10'°cm~2) owing to their large
lattice mismatch and thermal expansion coefficient misfit.¥
Previously, numerous investigations revealed that many
properties of GaN-based LEDs and/or laser diodes (LDs) are
affected by the threading dislocation density (TDD); for
example, the efficiency and lifetime of GaN-based LEDs and
LDs decrease with increasing TDD of the material. In other
words, the carriers in the GaN-based epilayer can leak
through these threading dislocations and recombine non-
radiatively. Therefore, it is very important to grow high-
quality and low-TDD GaN-based epilayers. Previously,
there were many attempts to grow an ultraflat-surface,
low-TDD, and high-crystal-quality GaN-based epilayer on
a sapphire substrate, for example, by epitaxial lateral
overgrowth (ELO)” and cantilever epitaxy (CE),” using a
microscale SiN, or SiO, patterned mask’™ and a patterned
sapphire substrate (PSS).!%"!¥

However, it is still difficult to reduce the TDD to a level of
~107 cm™2 by these techniques unless a GaN substrate'? is
used. Recently, nanoscale epitaxial lateral overgrowth
(NELOG)'® has been found to be a promising method.
During the NELOG process, the coalescence overgrowth of
nanostructures not only improves crystal quality'” but also
produces a scattering effect on the emitted photons, leading
to a higher light-extraction efficiency (LEE).'®
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In this study, nanoscale-patterned sapphire substrates with
Si0, nanorod arrays (NRAs) of different heights are used for
the NELOG of the GaN epilayer. As a consequence, the
optical and electrical performance characteristics of such
devices are improved when compared with those samples
grown on planar sapphire substrates. Various oxide heights
were considered to fabricate the LEDs, and an optimized
SiO, NRA height (200nm) was determined in terms of
crystal quality and light output power.

2. Experimental Procedure

The schematic illustration of a GaN LED on sapphire with a
SiO, NRA process flow chart is shown in Fig. 1. The
preparation of sapphire with different SiO, NRA depths
started with the deposition of 100, 200, and 300 nm SiO; on
sapphire by plasma-enhanced chemical vapor deposition
(PECVD). Then, a 10-nm-thick Ni layer was deposited by an
e-gun evaporator. The sample was annealed at 850°C for
60s in nitrogen ambient to form self-assembled Ni nano
clusters on the SiO, layer. The Ni nano clusters acted as
etching masks, and reactive ion etching (RIE) and inductive
couple plasma (ICP) dry etching were subsequently
performed to form SiO, NRAs. The height of the SiO,
NRA on the surface of sapphire was determined by a SiO,
thickness different from that considered in the PECVD
process. The RIE power is 100 W and the etching rate is
~66 nm/min. Thus, the RIE times used were 91, 182, and
273 to dry etch 100, 200, and 300nm SiO, nanorods,
respectively. After etching, the SiO, NRA was dipped hot
HNO;5 to remove the Ni nanoclusters. A conventional GaN
LED structure, which consists of ten periods of InGaN/GaN
MQWs and a 100-nm-thick p-GaN layer, was deposited by
MOCVD. An indium-tin oxide (ITO) layer was used for
ohmic contact and current spreading. Lastly, the LED wafers
were then processed into LED chips (size: 300 x 300 um?)
and packaged in epoxy-free metal cans (TO-46). The output
power of the LED was measured by an integrated sphere
detector at room temperature.

The optical properties of all samples were investigated in
two parts. One is the room temperature photoluminescence
(PL) spectrum of u-GaN investigated by 325nm He-Cd

© 2012 The Japan Society of Applied Physics
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(Color online) Schematic illustrations of GaN LED grown on sapphire with SiO, NRA process flow chart.

Fig. 2. SEM images of (a) the fabricated SiO, NRA (b) GaN nuclei on sapphire with SiO, NRAs as growth seeds, and the GaN epilayers on the sapphire

with (c) 100, (d) 200, and (e) 300 nm SiO, NRAs.

laser excitation. The other is the power-dependent PL
measurement. In this case, the PL sample was excited with
a frequency-tripled Ti:sapphire laser at a wavelength of
400 nm and a laser output power of 100 mW. The laser pulse
width was 200fs and the repetition rate was 76 MHz. The
luminescence spectrum was measured with a 0.5 m mono-
chromator and detected with a photomultiplier tube. The
TDD was confirmed by performing cathodoluminescence
(CL) measurement. The spatially resolved CL imaging was
obtained by scanning electron microscopy (SEM: JEOL
7000F) with a fixed viewing scale. The detailed distribution
and threading behaviors of dislocations in the epilayers were
then studied by transmission electron microscopy (TEM).
Moreover, the details of the interfacial microstructures of the
epilayer were obtained by high-resolution TEM. Then, we
also carried out the power-dependent PL measurement to
estimate the internal quantum efficiency (IQE) of specimens.
Finally, after normal clean-room processes, we compared the
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forward voltage (V) and optical output values (L—/) of LED
devices in a conventional probe station and an integrated-
sphere setup.

3. Results and Discussion

The SEM image in Fig. 2 indicates that the SiO, nanorods
were approximately 180-200 nm in diameter. The spacing
between the nanorods was about 130-150 nm. Figure 2(a)
also shows that the exposed sapphire surface is sufficiently
flat for epitaxy. As the deposition process began, localized
and hexagonal island like GaN nuclei were first formed on
the sapphire surface to initiate GaN overgrowth, as shown in
Fig. 2(b). Figures 2(c)-2(e) show the cross-sectional SEM
images of the GaN epitaxial layer, where air voids were
observed between the SiO, nanorods. The existence of the
air voids between the nanorods observed from the micro-
graphs suggested that not all the exposed surfaces gained the
same growth rate. It is most likely that the regions with

© 2012 The Japan Society of Applied Physics
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Fig. 3. (Color online) (a) XRD FWHMs of the GaN films grown as a
function of the SiO, NRA depth; (b) The peak intensity of GaN divided by
peak intensity of yellow band as a function of SiO, NRA depth.

larger exposed surfaces grow faster, and thus these regions
serve as seeding layers and facilitate the lateral coalescence
of GaN.

We grew an undoped GaN (u-GaN) epitaxial layer on a
flat sapphire surface and a SiO; nanorod template. The
epitaxial structure comprises a 30-nm-thick GaN nucleation
layer and a 2-pum-thick u-GaN epitaxial layer for PL and X-
ray diffraction (XRD) measurements. Figure 3(a) shows the
XRD full-widths at half-maximum (FWHM) of the u-GaN
films on flat sapphire and sapphire with 100, 200, and
300nm SiO, NRAs. The FWHMs of (102) planes, which
indicate the densities of edge dislocations,'” were 360, 323,
275, and 327arcsec for GaN films on flat sapphire and
sapphire with 100, 200, and 300nm SiO, NRAs, respec-
tively. The XRD linewidths of the samples with the SiO,
NRA template are generally smaller than that of the
reference sample, which indicates that the samples with
the template have higher crystal quality. The room
temperature PL spectrum was also used to analyze the
GaN crystal quality. The peak intensity of GaN was divided
by the peak intensity of the yellow band (GaN peak/yellow
peak), as shown in Fig. 3(b). The intensity of the yellow
band is related to defect density. The ratios of the GaN films
grown on flat sapphire and sapphire with 100, 200, and
300 nm SiO, NRAs were 85, 91, 183, and 113, respectively.
The significant decreases in XRD FWHM and increases in
GaN peak/yellow peak intensity indicate a reduction in
threading dislocation density and thus an overall enhance-
ment material quality. This improvement can be attributed
to the strain relaxation of the partially relieved GaN layer
in combination with the subsequent regrowth.’” When
the initial GaN epitaxial layer was grown on sapphire, a
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Fig. 4. TEM cross-sectional images of GaN epitaxial layers grown on
(a) flat sapphire and sapphire with (b) with 100 and (c) 200 nm SiO, NRAs.
(d) HRTEM image of region I in (c). The diffraction condition is g = 0002.

compressive strain was built up inside the material owing to
the mismatched lattice constants and thermal expansion
coefficients between GaN and sapphire. These mismatched
factors introduced threading dislocations. The NELOG
process relaxed the compressive strain. The GaN epitaxial
layer acted as a buffer layer to alleviate lattice constant and
thermal expansion coefficient mismatches and resulted in
an improved crystalline quality. To analyze the detailed
epitaxial layer quality, we performed TEM to investigate the
cross section of the u-GaN film grown on a flat sapphire
surface and a SiO, nanorod template.

For the GaN epitaxial layer grown on a flat sapphire
surface, the threading dislocation defects propagated verti-
cally from the interface of GaN and sapphire to the top
device layers. As a result, the TDD in the conventional GaN
layer near the top surface was as high as 10° cm~2, as shown
in Fig. 4(a). When the u-GaN film grew on sapphire with a
100nm SiO, NRA, the NELOG mechanism was not
activated owing to the shallow SiO, nanorods. As we could
see in Fig. 4(b), the dislocations were not bent completely,
and they propagated upwards similarly to those on a flat
template without any reduction. This situation changed when
we increased the rod height to 200 nm. The cross-sectional
TEM image of the GaN epitaxial layer grown on sapphire
with a 200nm SiO, NRA is shown in Fig. 4(c), and much
fewer TDs are observed within the range in view. The
dislocation density on the top of the GaN film was calculated
to be around 7 x 10’ cm™2. Figure 4(c) demonstrates the
detailed TEM of the epitaxial layers, and the bending and
termination of the dislocations can be clearly seen. The
reduction in TD density can be attributed to the misfit
(mainly perpendicular to the c-axis), and dislocation bending
occurred just above the voids, as shown in Fig. 4(d). Such
behaviors often happened in the NELOG method on a

© 2012 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 51 (2012) 04DG11

Fig. 5. Top-view CL images of (a) LED I, (b) LED II, (c) LED III, and
(d) LED 1V.

nanoscale patterned sapphire substrate.'® On the other hand,
when we increased the nanorod height further, we observed
that the 300 nm nanorod array is more difficult to coalesce
owing to the height of the oxide nanorod, and thus also leads
to more coalescent defects. Since these two mechanisms
(activation of NELOG and coalescence of GaN) dominate in
deep and shallow nanorods, respectively, it is natural to
consider that the 200 nm nanorod array exhibits intermediate
characteristics and has the highest crystal quality, which is
the case in the actual wafer growth.

The LED samples grown on GaN templates without SiO;
NRAs and with SiO, nanorods of 100, 200, and 300 nm
heights were represented by LED I, LED II, LED III, and
LED IV, respectively. The reduction in dislocation density
was also confirmed by CL measurement. Figure 5 shows the
plan-view CL emission images of all samples with a 10kV
acceleration voltage at room temperature. LED III shows the
least black number of spots among all LED samples. The
density of dark regions was estimated to be 3 x 10°,
4 x 108,5.3 x 107, and 2 x 108 cm~2 for the LED structures
grown on flat sapphire and sapphire with 100, 200, and
300 nm SiO, NRAs, respectively. The dark areas in the CL
images are regions where minority carriers are consumed
by dislocations due to a high nonradiative recombination
velocity.?! From these results, we found the highest crystal
quality in the GaN film grown on 200 nm SiO;.

LED devices with a chip size of 300 x 300 um? were then
fabricated from the completed epitaxial structures with and
without SiO, NRAs. The forward voltages of LED I,
LED II, LED III, and LED IV were 3.61, 3.63, 3.67, and
3.62V at 20mA, respectively. The NELOG process had
little impact on the LED electrical properties as shown in
Table I. On the other hand, the leakage current of LED I,
LED II, LED III, and LED IV were 87.5, 36.2, 34.7, and
37.4nA at a reverse bias voltage of —5V, respectively. This
significant improvement is suggested to originate from the
reduction in defect density. Several types of dislocations can
contribute to the reverse-bias leakage current,?? and one of
the most dominant types is the screw dislocation.’>>® The
reduction in screw dislocation density can certainly help to
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Table I. Forward voltages and leakage currents of all fabricated LEDs.
Forward voltage Leakage current
Sample

P V) (nA)
LED I 3.61 87.5
LED II 3.63 36.2
LED III 3.67 34.7
LED IV 3.62 37.4
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Fig. 6. (Color online) (a) EL spectra. (b) L—I curves of GaN-based LEDs
grown on sapphire with and without SiO, NRAs.

reduce the reverse-bias current. Rosner et al. reported that
the dark areas in the CL images are regions where minority
carriers are consumed by dislocations due to a high
nonradiative recombination velocity.? Thus, the leakage
current of the device was increased by increasing the
dislocation density. This indicates an agreement between the
TEM and CL results.

The EL peak wavelengths were 454.8, 452.5, 451.4, and
452nm for LED I, LED II, LED IIl, and LED IV at a
driving current of 20 mA, respectively as shown in Fig. 6(a).
The EL wavelength peak blue shift of ~2nm was observed
for the LED structure grown on SiO, NRA template. In our
previous study, it can be attributed to the compressive strain
release by adopting the NELOG scheme.'® The peak of the
EL spectrum shifts to a higher energy owing to quantum-
confined Stark effect (QCSE) reduction.”” The EL wave-
length peak blue shift was observed for the LED structure
with SiO; nanorods, as compared with that grown on planar
sapphire. Among samples with different SiO, depths, the
emission wavelength of LEDs is not affected markedly.
Figure 6(b) shows the measured L—I curves for LED I,

© 2012 The Japan Society of Applied Physics
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Fig. 7. (Color online) Relative IQE as a function of excitation power for
all samples.

LED II, LED III, and LED IV. At an injection current of
20mA, the light output powers were 10.1, 15.1, 18, and
15.6mW for LED I, LEDII, LED III, and LED IV,
respectively. The increases in the light output power of
LEDs grown on sapphire with 100, 200, and 300 nm SiO,
NRAs an injection current of 20 mA were 49.6, 78.2, and
54.4%, respectively, as compared with the LED without
SiO, NRAs. We believe that the increase in light output
power is due to the improved internal quantum efficiency
(IQE) and that the light extraction efficiency (LEE). The
NRA-assisted NELOG effectively reduced the TDDs of GaN
LEDs, which increased the IQE, as we mentioned in the
previous section. Moreover, the SiO, NRA in the GaN
epilayers contributed to light extraction through light
scattering at the interface of layer of different refractive
indices. Tadatomo et al. reported that the output power
increased with the patterned sapphire substrate (PSS).>
Similarly, the extraction efficiency was increased by the
SiO, NRA in our case.

To appropriately assess the contributions from the IQE
enhancement and LEE improvement, we need to perform
more measurements. A general approach to evaluating the
IQE of LEDs is to compare the integrated PL intensities
obtained at low and room temperatures.’® Figure 7 shows
the measured IQE as a function of excitation power at 15 and
300K for all LED samples. The efficiency is defined as the
collected photon number divided by the injected photon
number and normalized to the maximum efficiency at 15 K.
Usually, the PL excitation intensity is difficult to estimate
and it varies between different experiments and wafers.
What we would like to do here is to convert the variable
pumping intensity into the more common “carrier density”.
To do that, we could use the equation below to transform our
injected power to carrier density:*”

Injected carrier density

P
~ (hv) X @ X dyctive X f X eXp(—aGaNdGaN)
x [1 — exp(—amgaNdactive)] X (1 — R) (1)

The injected carrier density is determined primarily by the
power of the pumping laser (P), the energy of the injected
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photons (hv), the spot size of the pumping laser (¢), the
thicknes of GaN and active regions (dg,n and dGan), the
repetition rate of the pumping laser (f), the absorption
efficiency of GaN and InGaN (ag.n and opgan), and the
reflectance of the pumping laser (R), as expressed by the
above equation. Experimentally, we chose ¢ = 50um,
dgan = 75nm,  daciive = 150nm, opgan = 10° cm_l, and
R =0.17 to calculate the injected carrier density in our
samples. The power-ependent PL measurement was per-
formed with a frequency-tripled Ti:sapphire laser at a
wavelength of 400nm and the laser output power ranged
from 0.1 to 100 mW. The IQE values of the LEDs grown on
planar sapphire and sapphire with 100, 200, and 300 nm
Si0, NRAs were estimated to be 43.9, 49.9, 54.4, and
48.8%, respectively, at an excitation power of 20 mW
(injected carrier density = 2 x 10'7 cm™3), corresponding to
a current of 20 mA. The IQE values of the LEDs grown on
sapphire with 100, 200, and 300nm SiO, NRAs were
increased by 13.7, 26.9, and 11.2, respectively, as compared
that of the LED grown on planar sapphire. We believe that
the higher IQE for the LED with SiO, NRAs is due to
the higher crystalline quality, attributed to the interaction
between stacking faults and threading dislocation. Therefore,
from the output light power and IQE increases, we can
estimate that the LEE increases would be 31.4, 40.4, and
38.8% by the SiO, NRA embedded between GaN and
sapphire.

4. Conclusions

SiO, NRAs of different depths were fabricated by self-
assembled Ni clustering, followed by ICP-RIE. The LED
grown on sapphire with SiO, NRAs demonstrated increases
in IQE and LEE when compared with a conventional LED
grown on flat sapphire. The TDD reduction in GaN-based
epilayers was realized by the SiO, NRA-assisted NELOG
method. Finally, we can find that the sample with 200 nm
SiO, NRA structures has the highest crystal quality and light
output power enhancement.
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