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High-Brightness Blue Light-Emitting Diodes Enabled by a
Directly Grown Graphene Buffer Layer

Zhaolong Chen, Xiang Zhang, Zhipeng Dou, Tongbo Wei,* Zhigiang Liu, Yue Qi
Haina Ci, Yunyu Wang, Yang Li, Hongliang Chang, Jianchang Yan, Shenyuan Yang,
Yanfeng Zhang, Junxi Wang, Peng Gao,* Jinmin Li,* and Zhongfan Liu*

Single-crystalline GaN-based light-emitting diodes (LEDs) with high efficiency
and long lifetime are the most promising solid-state lighting source compared
with conventional incandescent and fluorescent lamps. However, the lattice and
thermal mismatch between GaN and sapphire substrate always induces high
stress and high density of dislocations and thus degrades the performance of
LEDs. Here, the growth of high-quality GaN with low stress and a low density of
dislocations on graphene (Gr) buffered sapphire substrate is reported for high-
brightness blue LEDs. Gr films are directly grown on sapphire substrate to avoid
the tedious transfer process and GaN is grown by metal-organic chemical vapor
deposition (MOCVD). The introduced Gr buffer layer greatly releases biaxial
stress and reduces the density of dislocations in GaN film and In,Ga,_,N/GaN
multiple quantum well structures. The as-fabricated LED devices therefore
deliver much higher light output power compared to that on a bare sapphire
substrate, which even outperforms the mature process derived counterpart.

The GaN growth on Gr buffered sapphire only requires one-step growth, which
largely shortens the MOCVD growth time. This facile strategy may pave a new
way for applications of Gr films and bring several disruptive technologies for
epitaxial growth of GaN film and its applications in high-brightness LEDs.

Graphene (Gr) is the first 2D atomic
crystal and still gains intense funda-
mental research and industrial interests
owing to its supreme mechanical,l!l elec-
trical,@ thermal,’! and optical proper-
ties, which provide a wide range of
promising applications in field-effect
transistors,”! energy-storage materials,[®
superlubricity,”! optoelectronics, 1 light-
emitting diodes (LEDs),l'!2 and many
other areas.!13 Gr can even provide
multiple benefits in some devices/appli-
cations, for example, in the applications
of LEDs that have been recognized as the
third-generation lighting source due to its
high-efficiency, environmentally friendly,
and long-lifetime properties.’>~"] In spe-
cific, the transferred Gr films can serve
as transparent conducting electrodes to
replace indium tin oxide (ITO) electrodes,
especially for deep-UV LEDs on which
ITO electrodes are not transparent.18-201
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Figure 1. Schematic diagram of the key steps involved in the growth of high-quality GaN films on Gr buffered sapphire substrates. a) Sapphire
substrates. b) Direct growth of Gr films on sapphire substrates by using CVD method. c) Gr films are treated in N, plasma. d) Growth of
high-temperature AIN films on Gr/sapphire substrates by MOCVD. e) Growth of GaN films on AIN/Gr/sapphire.

Gr was also proposed to be a heat dissipation layer to alle-
viate the self-heating issues when LEDs are operated at high
currents.?!l Moreover, Gr could serve as removable layers for
epitaxial growth of IlI-nitride semiconductors (III-Ns), which
lights the way for a new field of transferable and flexible
LEDs.[1112.22]

Recently, Gr was also proposed to be as a buffer layer for
van der Waals epitaxy growth of GaN film to overcome the
substantial thermal expansion coefficient and in-plane lat-
tice constant mismatch between GaN films and sapphire sub-
strates (c-Al,03), which always leads to significant strain in GaN
films.[1123] The biaxial stress in epilayers would generate high
density of threading dislocation (TD) and induce piezoelectric
polarization in In,Ga;_,N/GaN multi-quantum-wells (MQWs),
which greatly degrades the performance of LEDs.?*% In fact,
the growth of low-temperature (LT) GaN buffer layer is a mature
process to partially reduce the strain and density of dislocations
in GaN film. Compared to the traditional buffer layers, the Gr
buffer layer may have some potential advantages, e.g., com-
pletely eliminating mismatch, reducing the strain, potential
heat dissipation, and transferable nature. However, from pre-
vious studies, after introducing the Gr buffer layer, the quality
of grown GaN films was found to be significantly degraded,
because the low diffusion energy barrier on the Gr surface
leads to cluster growth mode, limiting the growth of large-area
single-crystalline GaN films.['!] Therefore, the quality of GaN
films grown on Gr and light output power (LOP) of transferable
LEDs are still far away from the conventional process.[!!]

Here, we successfully use Gr films as buffer layer for the
growth of high-quality (low stress and low dislocation density)
GaN films to improve the performance of LEDs. Gr films are
directly grown on c-sapphire substrates to avoid the tedious
and cost-ineffective transfer process, which always introduces
corrugation, breakage, and defects into the Gr films and would
limit the practical application. The Gr is treated in N, plasma

Adv. Mater. 2018, 30, 1801608

1801608 (2 of 8)

to create numerous nucleation centers for growth of nitrides.
By introducing the Gr layer, the biaxial stress in GaN film is
effectively released, leading to the reduced density of disloca-
tions of GaN film and subsequent high quality of MQWs. The
as-fabricated high-power LEDs show about 19.1% enhancement
in the light output power at injection currents of 350 mA com-
pared with the conventional process derived counterpart. Our
work demonstrates a practical application for directly grown Gr
films that may bring several disruptive technologies for epitaxial
growth of ITI-Ns and its applications in high-brightness LEDs.

The key processes involved in the growth of high-quality GaN
films on the directly grown Gr layers are schematically shown
in Figure 1. In brief, we directly grow Gr films on sapphire
substrates with high scalability by a catalyst-free atmospheric-
pressure chemical vapor deposition (APCVD) approach to avoid
the complicated and skill-demanding transfer process. Since
previous study suggested that large-area single-crystalline GaN
thin film could not be grown on pristine Gr films presumably
because of the lack of dangling bonds of Gr for nucleation,!!!
nitrogen-plasma treatment is applied in our work to introduce
defects into Gr film for enhancing its chemical reactivity.26-2°
Although the nitrogen-plasma treatment could increase the
GaN nucleation density, the directly grown GaN film always
shows clusters with rough and irregular morphology due to the
low adsorption energy of Ga atoms on Gr (see Figure Sla, Sup-
porting Information), which is similar with that grown on bare
sapphire substrates (see Figure S1b, Supporting Information).
Thus, we firstly grow aluminum nitride (AIN) at high tempera-
ture on nitrogen-plasma-treated Gr film before GaN growth as
the adsorption energy of Al atom on Gr is higher compared to
Ga atom.%

The typical photograph of as-grown 2 in. Gr/sapphire sub-
strate by the catalyst-free APCVD method shows a nearly same
color contrast over the 2 in. wafer, indicating its good uniformity
(see Figure S2a, Supporting Information). Scanning electron
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Figure 2. Characterizations of Gr, AIN, and GaN films. a) Scanning electron microscopy (SEM) image of the as-grown Gr films on sapphire substrates.
b) Optical microscope image of the as-grown Gr films after transferred onto SiO,/Si substrate. c) High-resolution transmission electron microscopy
(HRTEM) image from the edge of the Gr film showing its monolayer feature. d) Representative HRTEM image of Gr lattice. €) Raman spectra of the
as-grown Gr films before (black) and after plasma N, treatment (red). f) SEM image of the as-grown flat high-temperature AIN films on sapphire with
Gr interlayer. g) SEM image of the as-grown mirror-smooth GaN films on AIN/Gr/sapphire.

microscopy (SEM) image indicates continuous and uniform Gr
films could fully cover the substrate (Figure 2a). Raman spectra
measured from representative positions present similar inten-
sity of D, G, and 2D mode peaks, which confirm the good film
uniformity over the lateral distance of 2 in. (see Figure S2b,
Supporting Information). The uniformity of the directly grown
Gr film is further evaluated by optical microscope inspection
after transferred onto the SiO,/Si substrates, which exhibits the
same color contrast at a microscale (Figure 2b). High-resolution
transmission electron microscopy (HRTEM) of edge of the Gr
film shows its monolayer feature (Figure 2c), which ensures the
single-crystalline film growth according to the reported “gra-
phene wetting transparency.”®!l In particular, the atomic-reso-
lution HRTEM image shows the high quality of directly grown
Gr on sapphire substrates (Figure 2d). In order to increase
the chemical activity of Gr for nucleation of nitrides, the Gr
film is then exposed to N, plasma with 100 Pa and 100 W
for 30 s. The Raman spectra in Figure 2e show a significant
increase of D peak in the plasma treated Gr compared with
the pristine one (Figure 2e). This is attributed to the increase
of dangling bonds that are generated during the plasma treat-
ment. Subsequently high-temperature AIN thin film is directly
grown on this plasma treated Gr/sapphire substrate via metal-
organic chemical vapor deposition (MOCVD). Figure 2f shows
an SEM image of a smooth and continuous AIN film grown
on plasma-treated Gr/sapphire substrates. In contrast, the mor-
phology of directly grown AIN on sapphire substrates without
Gr is rough and discrete as shown in Figure S3a (Supporting
Information). X-ray diffraction (XRD) measurement of AIN
film grown on a plasma treated Gr/sapphire substrate shows
the characteristic peaks at 36° and 76°, which correspond to
the (0002) and (0004) planes of wurtzite AIN (see Figure S3b,
Supporting Information), respectively. The full width at half
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maximum (FWHM) of (0002)-AIN X-ray rocking curves with
plasma treated Gr interlayers (red line in Figure S3c, Supporting
Information, =298.8 arcs) is much lower than that without Gr
(black line in Figure S3c, Supporting Information, =757.3 arcs),
which confirms the Gr buffer layer significantly improves the
quality of epitaxial AIN films. Thereafter, high-quality, mirror-
smooth GaN films are grown on thus-obtained AIN films as
illustrated in Figure 2g. It should be noted that there is no need
to grow low-temperature buffer layer prior to high-temperature
growth of GaN, which is totally different from the traditional pro-
cess. Another advantage of this method is that direct growth of Gr
on the sapphire process can be easily scaled up and cost effective.

The quality of the as-grown GaN films is investigated by
atomic force microscopy (AFM), XRD, electron backscatter
diffraction (EBSD), and cathodoluminescence (CL) spectro-
scopy. The as-grown GaN films on plasma treated Gr/sapphire
substrates show an atomic terrace surface with the root mean
square roughness around 0.67 nm over an area of 10 X 10 um?,
as seen in the AFM image in Figure 3a. Such smooth surface
enables the use of EBSD mapping to identify the crystalline
orientations of the GaN epilayer. We find that the as-grown
GaN epilayer only exhibits (0001) orientation as indicated in red
by the inverse pole figure color triangle (Figure 3b). XRD 26
profile exhibits intense GaN (0002) and (0004) diffraction peaks
at 34.56° and 72.84°, respectively, and weak AIN (0002), (0004)
diffraction peaks (see Figure S4, Supporting Information), indi-
cating the (0001) orientation of GaN wurtzite structure. The
optical properties of as-grown GaN films are explored by CL
with an electron beam acceleration energy of 10 kV. The GaN
film exhibits a room-temperature CL peak position at 353 nm
with an FWHM of 8.4 nm, indicating a high optical quality of
GaN film (see Figure S5, Supporting Information). There is
no any bulge in the range of 500-700 nm, further confirming
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Figure 3. Characterizations of as-grown GaN films on AIN/Gr/sapphire. a) Atomic force microscopy height image of as-grown GaN films with root
mean square roughness around 0.67 nm. b) Electron backscatter diffraction mapping of as-grown GaN films showing (0001) single crystallinity.
c) Cathodoluminescence mapping of as-grown GaN films featured with low dislocation density. d) Raman spectra of GaN layers grown on sapphire
with (red line) Gr interlayers showing redshift compared to that without (black line) Gr interlayers. e) X-ray rocking curves of (0002) and f) (1012) GaN
films grown on sapphire with (red line) Gr interlayers showing much smaller full width at half maximum (FWHM) compared to that without (black
line) Gr interlayers. All the growth parameters of MOCVD were kept identical for Gr buffered and bare sapphire substrates (1045 °C, 6000 sccm NH3,

80 sccm TMGa, 55 min).

the high-quality nature of as-grown GaN films. Moreover, the
CL mapping also allows us to evaluate the density of disloca-
tions in semiconductors. The dark spots in the CL image are
ascribed to TD in GaN, which serve as nonradiative recombina-
tion centers.l3” Therefore, the TD density of the GaN epilayer is
estimated to be =1.7 X 107 cm™ in average over a large surface
area of 40 x 40 pm?, as shown in Figure 3c. The TD density of
as-grown GaN on Gr/sapphire is comparable to or even lower
than that in the conventional process derived GaN films.[21:33:34

The stress and dislocation density of as-grown GaN films
are further evaluated by Raman spectroscopy and X-ray rocking
curve. The Raman spectra of E, phonon mode are very sensi-
tive to the biaxial strain in GaN layer.?*?>3°] The stress in GaN
therefore can be precisely measured based on the Raman
shift. Figure 3d shows the GaN epilayer grown on sapphire
substrate undergoes compressive strain, showing a larger
frequency (569.2 cm™) compared with stress-free bulk GaN
(567.0 cm™!).B% In contrast, the corresponding peak position
of GaN grown on Gr/sapphire substrate (567.4 cm™) is almost
the same as stress-free bulk GaN (567.0 cm™?). The stress relaxa-
tion of GaN epilayer induced by Gr interlayer can be estimated
according to Aw = Ko,,, where Ao is the difference of E, peak
with stress-free GaN crystal value of 567.0 cm™ and K is the
stress coefficient =2.56 cm™ GPa 124 The biaxial stress values
of GaN grown on sapphire and Gr/sapphire substrate are esti-
mated to be 0.86 and 0.16 GPa, respectively, suggesting the
effective stain relaxation in GaN layer by the introduction of Gr.
The effect of Gr on the quality of GaN layer is further studied by
X-ray w-scan (rocking curve) in Figure 3e,f. The FWHM of the
(0002) and (1012) rocking curve of GaN is directly related to the
density of edge dislocation and screw dislocation in epilayer.”-3l
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The (0002) FWHM of GaN epilayer is greatly reduced from 561
to 217 arcs with the assistance of Gr interlayer, and its (1012)
FWHM is also reduced from 784 to 386 arcs. The estimated den-
sities of screw and edge dislocations of as-grown GaN without
Gr are 6.33 x 108 and 1.07 x 10’ cm™2, respectively, while they
are reduced to 9.46 x 107 and 5.07 x 10° cm™ with a Gr buffer
layer. These results indicate that the Gr film could greatly relax
the compressive stress and reduce the dislocation density for
improving the quality of GaN epilayer.

Such high-quality GaN films obtained on Gr/sapphire sub-
strates without LT buffer layer enables LED fabrication. Sche-
matic illustration of the fabrication of GaN blue-LED struc-
ture is shown in Figure 4a. To fabricate LED structures, a
150 nm thick layer of Si-doped n-GaN, 11-period In,Ga;_ N/
GaN MQWs, and a 150 nm thick layer of Mg-doped p-GaN are
deposited on the high-quality, low-stress GaN film grown on
Gr/sapphire substrate. Figure 4b and Figure S6 (Supporting
Information) show the low magnification cross-sectional scan-
ning transmission electron microscopy (STEM) and energy
dispersive spectroscopy (EDS) mapping images of LED hetero-
junction structure on a Gr/sapphire substrate. The X-ray @w-scan
in Figure 4c shows intense satellite peaks in the In,Ga; N/
GaN LED heterostructure on Gr/sapphire substrates, indicating
the high quality of MQWs (Figure 4c). In comparison, no such
satellite peaks are observed in the In,Ga;_,N/GaN heterostruc-
tures on bare sapphire substrates without Gr (see Figure S7,
Supporting Information). The dark-field image by using the
reflection g = 0002 in Figure 4d indicates no dislocations
presented in the MQWs, at least not in the inspected area.>”!
The high-angle annular dark-field STEM image in Figure 4e
shows 11 pairs of MQWs with bright (In,Ga;_,N) and dark

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U801 7 SUOWIWIOD dA 81D 3ol dde aupy Ag peusenob a2 sopoiie O ‘8sN JO SaInJ 10} ARIq1T8UlIUO A8]IAA UO (SUOIPUOD-PUe-SW.B) W00 A8 1M AReq | Ul |uo//Stiy) SUOIIPUOD pue swie | 8u8es *[£202/60/20] U0 Arldiauluo A |im ‘UiesH AisieAiun Bubed Aq 809T08TOZ BWPe/Z00T 0T/I0p/uoo A 1M Aiq1euljuo//sdny wouy pepeojumod ‘0g ‘8TOZ ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

0

4k 3k 2% 1k 0 1k 2
205 w (arsec)

f TN ROttt

ey
et ettreoetiet:
s iR a s s s
L L LLoR Lt
N PP b
b .. el

4 rARAN

ree e

Sy
Paoedlddd,
Y

Figure 4. The structure and characterizations of LEDs grown on Gr/sapphire substrates. a) Schematic illustration of the as-fabricated blue LED struc-
ture. b) Cross-sectional STEM image of heterojunction LEDs. c) X-ray @-scan of InGa;_,N/GaN LED heterostructures with Gr. d) Dark field image of
heterostructure with g = 0002. e) Cross-sectional STEM image of In,Ga;_,N/GaN MQWs in the as-fabricated blue LED. f) Atomic-resolution STEM
image of In,Ga;_,N/GaN QW lattice. g—i) Corresponding EDS mapping images of In, Ga, and N elements.

(GaN) contrast. The thickness of the In,Ga;_,N/GaN MQWs is
almost uniform. The selective area electron diffraction pattern
of MQWs can be indexed to wurtzite structure (see Figure S8,
Supporting Information). The atomically resolved STEM
images show abrupt interface and defect free in the In,Ga;_, N/
GaN MQWs in Figure 4f, and the elemental mapping confirms
high quality of quantum wells with uniform distributions of In,
Ga, and N elemental in each layer (Figure 4g—i). The interplanar
spacing of GaN and In,Ga;_,N was measured to be =0.525 and
=~0.549 nm, respectively, corresponding to the d-spacing of GaN
(0001) planes.[0:41]

After the electrodes deposition, the LED wafer is diced into
1 mm x 1 mm chips for chip-on-wafer (COW) mapping tests.
We also grow the same LED structure on sapphire substrates
using the conventional LT GaN buffer layer for comparison.
Figure S9a—c (Supporting Information) shows the COW map-
ping test for LOP value of LED chips with Gr, LED chips without
Gr, and conventional process derived LED chips at 350 mA
injection current. The corresponding results are sorted out for
more clear comparison (Table S1, Supporting Information). The
as-fabricated LED chips with Gr show the LOP value is as high
as 118.70 mW (Figure S9b, Supporting Information), while
only a few can be lighted for the chips without Gr due to the
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poor crystal quality of GaN (Figure S9a, Supporting Informa-
tion). In comparison, the LED chips with the conventional pro-
cess show the LOP values are in the range of 60-100 mW with
highest value of 98.78 mW (Figure S9¢, Supporting Informa-
tion), which is lower than that from Gr buffered LED chips (see
Table S1, Supporting Information). The small slice size of LED
with Gr (15 x 15 mm) leads to the relatively high ratio of chips
without light comparing with conventional one (2 in./4 wafer).
The COW test results reveal that the Gr buffer layer signifi-
cantly increases the LOP value of LED chips.

The electroluminescence (EL) performance of the high-
power LEDs with and without Gr is further investigated. A
typical picture of as-fabricated LED is shown in Figure S10
(Supporting Information). Figure 5a shows the current-voltage
(I-V) curves of LEDs with and without Gr interlayers, and a
conventional LED. The as-fabricated LEDs with Gr show a good
rectifying behavior with a turn-on voltage of =2.5 V and a low
leakage current of 2 mA at —4 V (red line), which is as good
as the performance of the conventional LED (blue line). How-
ever, the as-fabricated LED without Gr shows a high leakage
current even under low input voltages (black line). The LOP of
LEDs as a function of injection current is plotted in Figure 5b.
The LOP of LEDs increases simultaneously with increasing
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Figure 5. Electroluminescence of LEDs at room temperature. a) Current—voltage characteristics
of the as-fabricated LEDs with and without Gr interlayer, and conventional process derived one.
b) Light-out power of the as-fabricated LEDs with and without Gr interlayer, and conventional pro-
cess derived one as a function of injection current. ¢,d) The normalized electroluminescence spectra
as-fabricated LEDs with currents ranging from 100 to 800 mA with Gr (c) and without Gr (d).
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film on Gr buffered sapphire substrates
without other LT buffer layer and its appli-
cation in high brightness, high-power blue
LEDs. Scalable Gr/sapphire substrates
are obtained by the direct grown APCVD
method to avoid the tedious transfer pro-
cess. N, plasma treatment creates suffi-
cient nucleation centers for nitrides growth.
The Gr buffer layer effectively releases the
biaxial stress between GaN films and sap-
phire substrate, leading to the reduction of
the dislocation density. The as-fabricated
high-power LEDs on Gr/sapphire substrates
show excellent electrical and optical prop-
erties superior to that of its conventional
counterpart. Such one step of high-temper-
ature MOCVD growth process compared
to the conventional two-step method (ini-
tialed with low temperature and followed by
high temperature) can shorten the MOCVD
growth time and thus reduce the cost. Fur-
thermore, since this method seems com-
patible with industrial manufacturing pro-
cesses, we believe that incorporation of Gr
into GaN-based devices is workable and can
significantly enhance brightness of LEDs in
future.

the injection current, suggesting that the EL emission gener-
ates from the carrier injection and radiative recombination
at MQW layers in the LED chips. The LOP of the LED with
Gr is much higher than that without Gr due to the improved
crystal quality, which is consistent with COW results. It should
be noted that the LED with Gr even shows an enhancement
of LOP over that of conventional LED with LT GaN buffer, for
example, 19.1% enhancement in the LOP at an injection cur-
rent of 350 mA. This is likely attributed to the low-stress and
improved quality of epilayer grown on Gr/sapphire substrate.
The inset of Figure 5b shows a photograph of as-fabricated
LEDs on Gr/sapphire substrate with high brightness under
injection current of 350 mA. The normalized EL spectra of
as-fabricated LEDs with and without Gr interlayer under dif-
ferent injection current are shown in Figure 5c,d to evaluate
the reliability. The LEDs with Gr only shows a faint variation
due to the inevitable band filling effect and a screening effect
by the internal polarization electric field, which is consistent
with the low-stress property of GaN films obtained on Gr/sap-
phire substrates.*? For comparison, the LED without Gr inter-
layer shows significant peak position blueshifts from 491.3 to
470.8 nm with increasing current to 700 mA and then redshifts
to 480.4 nm under injection current of 800 mA owing to the
high biaxial stress in epilayers probably due to the high TD
density induced high indium contents in MQWs. Those results
demonstrate that high-brightness and high-power LEDs can be
fabricated on the sapphire substrate.

In summary, we successfully demonstrate the growth of
low-stress and low dislocation density single-crystalline GaN
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Experimental Section

CVD Growth of Gr on Sapphire Substrate: Typically, the commercial 2
in. c-sapphire substrate was cleaned with deionized water, ethanol, and
acetone and then loaded into a three-zone high-temperature furnace.
The furnace was heated to 1050 °C and stabilized about 10 min under
500 sccm Ar and 300 sccm H,. 30 scem CH, was introduced into the
reaction chamber as carbon source for the growth of graphene on the
sapphire substrate for about 3-5 h.

MOCVD Growth of GaN on Gr/Sapphire Substrate: The Gr/sapphire
substrate was exposed to N, plasma treatment for 30 S with power of
100 W before being loaded into the MOCVD charmer. A much broader
and up-shifted G band was observed in the Raman spectra with respect
to pristine graphene. The G band peak position was shifted from 1592.6
to 1604.2 cm™, while the FWHM of G band was increased from 53.4 to
96.1 cm™'. Trimethylgallium (TMGa), trimethylaluminum (TMAI), and
NH; were used as Ga, Al, and N precursors for growing GaN and AIN
films; triethylgallium and trimethylindium were used as Ga, In precursors
for growing In,Ga;_,N/GaN layers in the MQWs. First, the HT-AIN was
grown at a nominal temperature of 1200 °C for 1 h with the NH; flow
of 500 sccm and TMAI flow of 50 sccm (with AIN thickness being about
1.5 um), respectively. It is a one-step process without using LT-buffer layer.
Then u-GaN layer was grown at 1045 °C for 55 min with the NH; flow of
6000 sccm and TMGa flow of 80 sccm (with GaN thickness being about
2.0 um), respectively, followed by a n-doped GaN layer with the silicane flow
of 2.34 sccm. Then 11 periods of In,Ga;_,N/GaN active layers were grown
at 735 °C/834 °C with 3 nm InGaN well layers and 12 nm GaN barriers.
The active layers were capped with a p-GaN layer deposited at 950 °C
with the bis-cyclopentadienyl magnesium (Cp,Mg) flow of 120 sccm,
followed by an annealing process at 720 °C for 10 min under N, ambient.

LED Device Fabrication: LED devices with 45 mil? size were fabricated
using a conventional mesa structure. First, ITO was deposited on top
of p-GaN as a current-spreading layer. Then, photolithography and
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inductively coupled plasma etching were introduced to expose the
n-GaN layer. Cr/Al/Ti/Au metals were deposited by electron beam
evaporation as p/n contact electrodes, followed by a SiO, protection
layer using plasma enhanced chemical vapor deposition method. Finally,
the whole wafer was cut into pieces of devices and then packaged.
Characterization: The samples were characterized with optical
microscopy (Olympus DX51), SEM (Hitachi S-4800; operating at 1 kV),
Raman spectroscopy (Horiba, LabRAM HR-800; 514 nm laser excitation),
ESEM (FEI Quanta 200F), AFM (Bruker Dimension Icon), XPS (Kratos
Analytical Axis-Ultra spectrometer using a monochromatic Al Ko X-ray
source), TEM (FEI Tecnai F20, operating at 200 kV), and aberration-
corrected TEM (FEI Titan Cubed Themis G2 300) operated at 300 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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