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Improved Epitaxy of AIN Film for Deep-Ultraviolet
Light-Emitting Diodes Enabled by Graphene

Zhaolong Chen, Zhigiang Liu, Tongbo Wei,* Shenyuan Yang, Zhipeng Dou, Yunyu Wang,
Haina Ci, Hongliang Chang, Yue Qi, Jianchang Yan, Junxi Wang, Yanfeng Zhang,

Peng Gao,* Jinmin Li,* and Zhongfan Liu*

The growth of single-crystal llI-nitride films with a low stress and dislocation
density is crucial for the semiconductor industry. In particular, AIN-

derived deep-ultraviolet light-emitting diodes (DUV-LEDs) have important
applications in microelectronic technologies and environmental sciences but
are still limited by large lattice and thermal mismatches between the epilayer
and substrate. Here, the quasi-van der Waals epitaxial (QvdWE) growth

of high-quality AIN films on graphene/sapphire substrates is reported and
their application in high-performance DUV-LEDs is demonstrated. Guided
by density functional theory calculations, it is found that pyrrolic nitrogen

in graphene introduced by a plasma treatment greatly facilitates the AIN
nucleation and enables fast growth of a mirror-smooth single-crystal film in
a very short time of =0.5 h (=50% decrease compared with the conventional
process), thus leading to a largely reduced cost. Additionally, graphene
effectively releases the biaxial stress (0.11 GPa) and reduces the dislocation
density in the epilayer. The as-fabricated DUV-LED shows a low turn-on
voltage, good reliability, and high output power. This study may provide a
revolutionary technology for the epitaxial growth of AIN films and provide
opportunities for scalable applications of graphene films.

Group-I1I nitrides (III-Ns) are widely used
for light-emitting diodes (LEDs), lasers,
and high-power/high-frequency electronic
devices due to their direct wide band gap
and stability.'™ Current state-of-the-art
commercial III-N films are usually het-
eroepitaxially grown on c-sapphire,l!
6H-SiC,!M and Si (111),B! by metal-organic
chemical vapor deposition (MOCVD). How-
ever, large lattice and thermal mismatches
between these substrates and epilayers
lead to a high defect density and large
biaxial stressl®®l and also greatly degrade
the performance of the III-N devices. Usu-
ally, a time-consuming low-temperature
buffer (LT) layer is required to diminish
the impact of the mismatch.’l However,
the high migration barrier of atoms on the
substrate and high bond energy of the III-N
always lead to a three-dimensional (3D)
island growth mode, especially for AIN on
a sapphire substrate, which requires a very
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thick coalescence thickness that increases the MOCVD growth
time and cost.

Recently, single-crystal materials have been epitaxially
grown on 2D material-coated substrates due to remote atomic
interactions between the substrate and epilayers.®!% In par-
ticular, graphene is a thermally stable material with an atomi-
cally flat surface and excellent mechanical, electrical, and
thermal properties, making it an ideal buffer layer. The van der
Waals epitaxial (vdWE) growth of III-N films on a graphene/
substrate system has also been proposed to effectively reduce
the mismatch effect due to the weak bonds between III-N and
graphene and further alleviate the self-heating issue or achieve
transferable optoelectronics and electronics.'%Y1 Moreover,
the low diffusion barrier of adatoms on graphene potentially
enables fast growth of III-N films with a reduced coalescence
thickness. However, the main challenge is that the dangling-
bond-free feature of graphene suppresses I1I-N nucleation,!'?!
limiting the growth of large-area single crystals. Although there
are a few reported works on the growth of GaN on graphene
targeted to mature blue LEDs,>1-13] growth of AIN films that
enable deep-ultraviolet LEDs (DUV-LEDs) for applications in air
purification, water purification, and germicidal and biomedical
instrumentation systems!>'*l remains relatively unexplored.

Here, we successfully grow a high-quality AIN film on
graphene and fabricate high-performance DUV-LEDs. Guided by
density functional theory (DFT) calculations, a N, plasma treat-
ment of the graphene that is directly grown on a sapphire sub-
strate is developed to facilitate the AIN nucleation by introducing
pyrrolic nitrogen doping. With the presence of an atomically thin
graphene film, the substrate still has a weak interaction with the
epilayers,[® insuring fast epitaxial lateral overgrowth of a large-area
single-crystal AIN film on graphene with a low stress (0.11 GPa),
and low dislocation density even without an LT buffer layer.
Therefore, the as-fabricated DUV-LED devices show a low turn-
on voltage, good reliability, and high output power. This process
can substantially shorten the MOCVD growth time and reduce
the cost, which is beneficial to the III-N semiconductor industry.

To avoid the size and repetition limitations associated with
transferring graphene from metal substrates onto target sub-
strates, we directly grow the graphene film on c-plane (0001) sap-
phire via a catalyst-free atmosphere chemical vapor deposition
(CVD) method.*! Figure 1a shows a photograph of the as-
grown 2 inch graphene/sapphire wafer. The as-grown graphene
film fully covers the sapphire substrate and shows a high optical
transparency of =96.7% at 550 nm (Figure S1, Supporting Infor-
mation) and good uniformity after being transferred onto SiO,/
Si substrates (Figure 1b). The typical Raman spectrum (the black
line in Figure 1e) as well as Raman mapping (Figure S2, Sup-
porting Information) exhibit characteristic peaks of graphene
at 1348 cm™ (D-band), 1586 cm™ (G-band), and 2680 cm™!
(2D-band) with a high microscale uniformity. The monolayer
structure and high quality of the film are further confirmed by
the transmission electron microscopy (TEM) characterization
in Figure 1c,d. X-ray photoelectron spectroscopy (XPS) spectra
also verify the high quality of the graphene (Figure S3, Sup-
porting Information). To enhance the reactivity for the subse-
quent AIN growth, the graphene is treated in N,-plasma, after
which the defect density (np) in graphene is increased from
np=2.13x 10! cm~ to np = 3.23 x 10! cm~2 based on the Ip/I¢
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ratio'”! in Figure le, where I is the peak intensity. The nitrogen
incorporation is verified by the new N-sp>C peak (=286.5 eV)
from the XPS spectrum in Figure 1f."8! The doped nitrogen is
identified as pyrrolic N with a content of 5.6% (Figure 1g), while
there is no broad peak for the pristine graphene (Figure S4,
Supporting Information).

DFT calculations are performed to verify the effects of the
introduced pyrrolic N on the AIN nucleation. The adsorption
energies of the Al and N adatoms on the hollow, bridge and top
sites of the pristine graphene indicate that an Al adatom bonds
to graphene more strongly than an N adatom with an adsorption
energy of =1.1 eV (Figure S5 and Table S1, Supporting Informa-
tion). The adsorption energy of Al atoms to pyrrolic N in plasma-
treated graphene is greatly increased to 5.9-8.6 eV, which shows
a substantially enhanced reactivity of graphene to AIN nuclea-
tion (Figure 1h). The adsorption of an Al atom partially recovers
the honeycomb structure near the N defect but introduces sig-
nificant structural distortion, and the adjacent C atoms have
sp-like characteristics. The interfacial binding features of the
AIN/Gr are further analyzed by DFT total energy calculations. As
shown in Figure 1i, the obvious electron accumulation around
the pyrrolic N atom indicates the formation of Al—N bonds.
Remarkably, the formation energy (defined as the total energy
difference of AIN and plasma-treated graphene before and
after bonding) is reduced by more than 0.28 eVA compared
with pristine graphene. The pyrrolic N in the plasma-treated
graphene tends to have a graphitic N configuration at a high
temperature (1200 °C) during the growth of AIN,[' and it also
shows a reduced formation energy of =0.004 eVA=2 (Figure S6,
Supporting Information). We also find that the occupied 2p,
orbital (m-orbital) intensity of the C atom near the N atom is
obviously decreased, as shown in the projected density of states
(PDOS) of the 2p, orbitals on different C atoms (Figure 1j). This
suggests a transformation of sp?- to sp3-like hybridization for
the C atoms near an N defect and electronic coupling between
the C 7w and N 7 orbitals. Therefore, an N, plasma treatment
greatly facilitates AIN nucleation by the formation of Al-N
bonds.

As schematically shown in Figure 2a, AIN nucleation
should primarily occur at N-defect sites through Al—N bonds,
and then 2D lateral growth of the AIN islands is greatly pro-
moted to form a continuous film due to the reduced diffusion
barrier of adatoms on the ideal graphene.2% To experimentally
verify the superiority of plasma-treated graphene films for
AIN growth, we grow AIN nuclei and films on bare sapphire
and plasma-treated graphene/sapphire substrates under the
same conditions for comparison. This shows that the nuclea-
tion density on N,-plasma-treated graphene is increased more
than ten times compared with that on bare sapphire, and the
uniformity is also greatly improved (Figure 2b,c). In contrast,
on the bare sapphire substrate, the hexagonal AIN grains are
large and widely distributed in size (Figure 2c and Figure S7a,
Supporting Information). During the subsequent coalescence
process, the AIN on sapphire forms 3D AIN clusters with grain
sizes of several hundred nanometers (Figure S7b, Supporting
Information), while on plasma-treated graphene, the AIN film
is continuous and smooth (Figure 2d and inset) with an atomi-
cally terraced surface and root-mean-square (RMS) roughness
of =0.27 nm, as shown in Figure 2e. This process is even much
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Figure 1. Direct growth of graphene on sapphire substrate and its surface modification by N, plasma treatment. a) Photograph of an as-grown 2 inch
graphene/sapphire wafer. b) Optical microscopy (OM) image of the transferred graphene film on SiO,/Si. ¢) High-resolution transmission electron
microscopy (HRTEM) image on the edge of the graphene film showing its monolayer structure. d) Representative atomically resolved Z-contrast
image of graphene revealing its good quality. €) Raman spectra of graphene film before N, plasma treatment (black) and after N, plasma treatment
(red). f) C 1s X-ray photoelectron spectroscopy (XPS) spectrum of N,-plasma-treated graphene film, showing the characteristic signals of graphene
with an sp? carbon peak (=284.8 eV), an N-sp? peak (=286.5 eV), and a broad O—C=0 peak (=288.9 eV). g) N 1s XPS spectrum of N,-plasma-treated
graphene film, showing the characteristic signals of a pyrrolic N feature (=400.1 eV). h) Density functional theory (DFT) calculations of the bonding
of one Al adatom on pyrrolic N with a bonding energy of 8.593 eV. i) Atomic model structures and isosurfaces of electron density difference of AIN
on Nyp-plasma-treated graphene via AI=N bond. The blue and yellow isosurfaces correspond to charge depletion and accumulation, respectively, with
isosurface values of + 0.0001 e A=, j) Calculated projected density of states (PDOS) of 2p, orbitals (m-orbital) of three C atoms with different distances
to the N atom: the first nearest neighbor, the second nearest neighbor, and the sixth nearest neighbor.

faster than that with the LT buffer layer (Figure S8, Supporting  spectra (Figure S10, Supporting Information). We also grow
Information). The c-axis-oriented hexagonal wurtzite in the  AIN on pristine graphene/sapphire under the same conditions
single-crystal AIN is confirmed by a large-scale view of electron ~ for comparison and find that the quality of the AIN film on
backscatter diffraction (EBSD) maps (Figure S9, Supporting  plasma-treated graphene/sapphire is much better (see details in
Information) and high-resolution X-ray diffraction (XRD)  Figure S11, Supporting Information).
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Figure 2. Fast AIN nucleation and film growth on Nj-plasma-treated graphene/sapphire substrate. a) Schematic diagram of the nucleation and
film growth of AIN on N,-plasma-treated graphene/sapphire substrate. 1) Enhanced AIN nucleation on plasma-treated graphene/sapphire substrate
through Al=N bonding. 2) Then, the fast 2D lateral growth of the AIN islands to form a continuous film due to the reduced diffusion barrier of adatoms
on the ideal graphene. b) Atomic force microscopy (AFM) height image of AIN nucleation on plasma-treated graphene/sapphire substrate (1200 °C,
500 sccm Nj, 50 sccm H,, 15 scem TMAI, 6 min). c) Density and size distribution analysis of AIN nucleation on sapphire and plasma-treated gra-
phene/sapphire substrate. d) Scanning electron microscopy (SEM) image of as-grown AIN film on plasma-treated graphene/sapphire substrate with
increasing growth time to 1 h. e) AFM height image of as-grown AIN film on plasma-treated graphene/sapphire substrate, showing atomically flat
feature with RMS roughness =0.27 nm. f) Raman spectra of AIN films grown on sapphire (black line) and plasma-treated graphene (red line). g) X-ray
rocking curves of (0002) AIN grown on sapphire (black line) and plasma-treated graphene (red line).

The QvdWE growth of AIN on plasma-treated graphene
is also expected to release the biaxial stress and reduce the
dislocation density in the epilayer. The Raman spectrum of
the E, phonon mode of AIN that is sensitive to the stress is
used to evaluate the biaxial stress.?!?2l With the N, plasma-
treated graphene layer, the E, peak of the AIN is located at 657.8
cm™, almost identical to the stress-free AIN (657.4 cm™) in
Figure 2f12}] For comparison, we also grow AIN film on sap-
phire with a conventional LT buffer layer, which shows a larger

Adv. Mater. 2019, 31, 1807345 1807345

frequency (569.2 cm™) due to the high compressive strain.
Based on these measurements, we estimate that the residual
stress of AIN is significantly reduced from 0.49 to 0.11 GPa by
the plasma-treated graphene. In fact, the huge stress in the
AIN film on bare sapphire usually causes cracks at the edge of
the wafer, while none are observed in the plasma-treated gra-
phene buffered sample (Figure S12, Supporting Information).
The (0002) full width at half maximum (FWHM) of the X-ray o
scan (rocking curve) of the AIN epilayer is significantly reduced
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from 698.6 to 315.5 arcsec with the assistance of graphene in
Figure 2g, and its (1012) FWHM is also reduced from 884.2 to
518 arcsec (Figure S13, Supporting Information). The estimated
densities of the screw and edge dislocations in the as-grown AIN
without graphene are 1.06 x 10° and 6.29 x 10° cm~2, respec-
tively, while they are reduced to 2.67 x 10® and 2.45 x 10° cm ™2
on the plasma-treated graphene.*’! Therefore, the stress of the
epilayer is largely released, and the dislocation density of the as-
grown AIN on plasma-treated graphene is comparable with that
typically obtained via conventional LT buffer-assisted epitaxy on
sapphire substrates.[2%

The epitaxial relationship between the epilayer and c-plane
sapphire substrate through the graphene is explored by per-
forming grazing incidence XRD and cross-sectional scan-
ning transmission electron microscopy (STEM). The XRD ¢
scan (Figure 3a) and selected area electron diffraction (SAED)
patterns (Figure 3b) reveal that the AIN unit cells are rotated
by 30° with respect to the sapphire and through the graphene,
as schematically shown in Figure 3¢, which is in good agree-
ment with previous reports of epitaxial wurtzite III-Ns on
sapphire 28 In addition, the energy-dispersive X-ray spectro-
scopy (EDX) mapping analysis of Al Ko shows a sub-nanometer

a 10° —(113) Aly03
—(101) AN
_10°4
5
©
>10°;
s
§10%;
=
10%

-150 -100 -50 0
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www.advmat.de

gap between the AIN and Al,05 (Figure 3e) in sharp contrast
to that on the bare Al,O; sample (Figure S14, Supporting
Information) confirming the existence of a graphene interlayer
after AIN growth. The atomically resolved STEM image shows a
sharp interface of Al,03/graphene/AIN (Figure 3d,f), where the
graphene exhibits faint contrast between the epitaxial layer and
the substrate in the Z-contrast image.

We also adjusted the graphene film thickness from =1 layer
to =5 layers to verify the effect of the graphene layer number
on the quality of the epitaxial AIN films. The thickness of
the graphene film can be controlled by the growth time, as
confirmed by optical transmittance (Figure S15, Supporting
Information). The w-scan XRD is performed to estimate the
quality of as-grown AIN films with different thicknesses of
the graphene buffer layer (Figure S16, Supporting Informa-
tion). The (0002) FWHM of the AIN is smallest when the
thickness of graphene is =1-2 layers.

Thus, a high-quality AIN film on a plasma-treated graphene/
sapphire substrate enables DUV-LED fabrication. The schematic
structure of an AlGaN DUV-LED is shown in Figure 4a, consisting
of a p-GaN hole injection layer, a 50 nm thick layer of Mg-doped
p-AlGaN, five-period Aly,GagN/AlysGagsN multiquantum wells

ALO,[110]

(113)(1 10)(1 13)

Figure 3. Interfacial bonding and epitaxial relationship between epilayer and ¢-plane sapphire substrate with plasma-treated graphene. a) Grazing-inci-
dence X-ray diffraction azimuthal off-axis phi scan for Al,03 (113) and AIN (101). b) Selected-area electron diffraction pattern taken at an AIN/graphene/
sapphire interface. c) Schematic illustration of the epitaxial relationship between the epilayer and c-plane sapphire substrate through graphene. d) High-
magpnification cross-sectional scanning transmission electron microscopy (STEM) image of the AIN/graphene/Al,Oj; interface. e) Corresponding energy
dispersive X-ray spectroscopy mapping of Al element showing the graphene gap between AIN and Al,O; f) Atomically resolved STEM image of the
interface of Al/graphene/Al,O;, showing a 30° rotation between AIN and Al,O;.
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Figure 4. The structure and electroluminescence of as-fabricated DUV-LEDs. a) Schematic illustration of the DUV-LED structure. b) X-ray @26 scan
of DUV-LED grown on plasma-treated graphene/sapphire. c) Electroluminescence (EL) spectra of the DUV-LEDs with and without graphene interlayer.
d) Current-voltage curves of the as-fabricated DUV-LEDs with and without graphene interlayer. €) Light output power of the as-fabricated DUV-LED
with and without graphene interlayer as a function of injection current. f) The normalized EL spectra of DUV-LEDs on graphene/sapphire with currents

ranging from 10 to 80 mA.

(MQWs), 2 um thick Si-doped n-Al;ssGagsN, 20-period AIN/
AlGaN superlattices, and 1 pm AIN on a plasma-treated gra-
phene/sapphire substrate. The SEM image shows that the surface
of the as-grown DUV-LED structure on the plasma-treated gra-
phene/sapphire substrate is continuous and smooth with an RMS
roughness of =1.56 nm (Figure S17a,b, Supporting Information).
The X-ray @-26 scan profile shows intense satellite peaks of the
AIN/AlGaN superlattice heterostructure on graphene/sapphire
substrates, guaranteeing the subsequent high quality of the MQW
heterostructure (Figure 4b). For comparison, on bare sapphire, the
surface of the LED is irregular with many holes and ravines, and
the corresponding RMS roughness is =31.7 nm (Figure S17c,d,
Supporting Information). The satellite peaks of the superlattice
are too weak to be observed (Figure S18, Supporting Information).

The electroluminescence (EL) characteristics of the DUV-LEDs
with and without plasma-treated graphene are further evaluated.
A typical EL spectrum from the DUV-LED with graphene shows
strong luminescence at the peak wavelength of 280 nm. In
comparison, the intensity of the DUV-LED without graphene is
nearly two orders of magnitude weaker than that with graphene
(peak wavelength =316 nm, Figure 4c), which originates from
the high density of defects. Moreover, the current-voltage curve
of the DUV-LED with graphene shows good rectifying behavior
with a turn-on voltage of 4.6 V (Figure 4d, red line), and the
leakage current measured at —4 V is =3 mA. These results are
comparable with previous reports.?>3% On the other hand, the
current—voltage curve of the LED without graphene shows a
much lower current under the same input voltage and a much
higher turn-on voltage (Figure 4d, black line). The light output
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power (LOP) of the LEDs on graphene/sapphire is linear with
an input voltage and a slope efficiency of =20 uW mA~, sug-
gesting that the EL emission is generated from the carrier injec-
tion and radiative recombination at the MQW layers (Figure 4e,
red line). The external quantum efficiency of the fabricated
DUV-LED with graphene is =0.5%. In addition, the DUV-LED
with graphene shows no shift in peak positions under different
currents, indicating a substantial stress relaxation due to the
QvdWE growth (Figure 4f). These results indicate that high-per-
formance DUV-LEDs can be directly grown on plasma-treated
graphene/sapphire substrates without LT buffer layers, which
would greatly shorten the MOCVD growth time and thus reduce
the cost (Figure S19, Supporting Information). Therefore, the
present work proposes a promising method for the practical
application of graphene in high-power LEDs.

In summary, we have successfully demonstrated QvdWE
growth of AIN on sapphire substrates using a graphene inter-
layer for high-performance DUV-LEDs, which may enable
several disruptive technologies. Guided by the DFT calcu-
lations, N, plasma treatment for graphene prior to nitride
growth can greatly facilitate AIN nucleation and increase the
growth rate by introducing pyrrolic nitrogen into the graphene.
The graphene layer effectively releases the biaxial stress and
reduces the dislocation density in the epilayer due to the weak
vdW interaction of the AIN/graphene stack, while the epi-
taxial orientation between the AIN and the substrate remains.
Notably, because no LT buffer layer is needed, such a growth
process can greatly shorten the MOCVD growth time and thus
reduce the cost. The fabricated DUV-LED shows a low turn-on

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85UBD|7 SUOWILIOD BAIFe81D) 8|qedlidde 8Ly Aq peusenob 8fe il VO ‘SN J0S8|nJ 10} ARIGIT3UIIUO AB]IA UO (SUORIPUOD-PUe-SWIBIALOD A8 | IMARRIq 1 BU1IUO//SdRY) SUORIPUOD PUe SWB L 8U} 885 *[£202/60/70] U0 Areiqiaulluo Aejim ‘AiseAun Buelyz Aq Sie/08T0Z eWPR/Z00T OT/I0p/W00" A3| ImAfe.q 1 |Bul|uo// ANy Woi4 pepeo|umod ‘€Z ‘6T0Z ‘G60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

voltage, high output power and excellent reliability. This work
may enable several revolutionary technologies for epitaxial
growth of AIN film and DUV-LEDs and provide opportunities
for applications of graphene films.

Experimental Section

CVD Growth of Graphene on Sapphire: Typically, the commercial
2 inch c-sapphire substrate was loaded into a three-zone
high-temperature furnace. Then, graphene growth was performed at
1055 °C with 500 sccm Ar, 300 sccm H,, and 30 sccm CHy4 for =3-5 h.

MOCVD Growth of AIN on Graphene/Sapphire: The graphene/
sapphire substrate was exposed to N, plasma treatment (PVA TePla AG,
300 Standard) under 200 Pa with a gas flow of 300 sccm and a power of
50 W for 30 S before being loaded into an MOCVD chamber that was
constructed in the laboratory. The high-temperature AIN was grown at
1200 °C for 1 h with an NH; flow of 500 sccm and a trimethylaluminum
(TMAI) flow of 50 sccm. It was a one-step process that does not use a
low-temperature buffer layer.

MOCVD Growth of DUV-LED Structure on Graphene/Sapphire
Substrate: The AlGaN-based DUV-LED structure was grown on the
AIN/Gr/sapphire template, including 20-period AIN/Aly;Gag3N
superlattices (SLs), a 2 um n-AlyssGag4sN layer, five-period AlgsGagsN/
Alg4GaggN multiple quantum wells (MQWs), and p-type layers (a 30 nm
p-AlgesGag3sN electron-blocking layer, a 50 nm p-AlGaN cladding
layer, and a 100 nm p-GaN contact layer). Trimethylgallium (TMGa)
was used as a Ga precursor. Silane (SiH,) and bis(cyclopentadienyl)
magnesium (Cp,Mg) was used for n-type and p-type doping,
respectively. A 20-period AIN/Aly;Gag3N superlattice (SL) was grown
at a temperature of 1130 °C, with the periodic change of TMAI flow
to adjust the deposition component while the TMGa flow of 32 sccm
and the NH; flow of 500 sccm were kept constant. The thickness of the
AIN/Aly;GagsN layer was 15 nm/15 nm, and the total thickness was
600 nm for 20 periods. Then, the temperature was reduced to 1002 °C,
and a silicane flow of 2.34 sccm was introduced for the growth of the
2 um n-AlgssGagasN layer. The five-period AlysGagsN/Alg4GaggN
MQWs was further grown with a 2.4 nm quantum well and a 12.2 nm
quantum barrier by switching the TMAI from 24 sccm to 14 sccm and
TMGa from 8 sccm to 7 sccm for each period. A 30 nm thick layer of
an Mg-doped p-Alg 65Gag 35N electron blocking layer, a p-AlGaN cladding
layer, and a p-GaN contact layer were subsequently deposited. The SiH,
was 20 sccm, while the NH; was 2500 sccm during the whole growth
process. After growth, the p-type layers were annealed in the reactor at
800 °C in N, atmosphere for 20 min to activate the Mg acceptors.

DUV-LED Device Fabrication: DUV-LED devices with a die size of
0.5 mm X 0.5 mm were fabricated with the standard LED processes
of photolithography, ICP etching, and e-beam evaporation. A Ti/Al/Ti/
Au metal stack was deposited on the exposed n-AlGaN as the n-type
contact, and an Ni/Au stack was used as the p-type contact. Finally, the
DUV-LED chips were flip-chip bonded onto ceramic submounts coated
with gold for light-output testing.

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), atomic force microscopy (AFM) (BRUKER
Dimension lcon), 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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