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Quasi-2D Growth of Aluminum Nitride Film on Graphene
for Boosting Deep Ultraviolet Light-Emitting Diodes

Hongliang Chang, Zhaolong Chen, Bingyao Liu, Shenyuan Yang, Dongdong Liang,
Zhipeng Dou, Yonghui Zhang, Jianchang Yan, Zhiqiang Liu, Zihui Zhang, Junxi Wang,

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

Efficient and low-cost production of high-quality aluminum nitride (AIN) films
during heteroepitaxy is the key for the development of deep ultraviolet
light-emitting diodes (DUV-LEDs). Here, the quasi-2D growth of high-quality
AIN film with low strain and low dislocation density on graphene (Gr) is
presented and a high-performance 272 nm DUV-LED is demonstrated.
Guided by first-principles calculations, it is found that AIN grown on Gr
prefers lateral growth both energetically and kinetically, thereby resulting in a
Gr-driven quasi-2D growth mode. The strong lateral growth mode enables
most of dislocations to annihilate each other at the AIN/Gr interface, and
therefore the AIN epilayer can quickly coalesce and flatten the nanopatterned

AlGaN-based deep ultraviolet light-emitting
diodes (DUV-LEDs) have received a wide
attention owing to their broad application
prospects in the fields of sterilization,
polymer curing, biochemical detection,
non-line-of-sight communication, and spe-
cial lighting.['=>) Due to lack of cost-effective
homogeneous substrate, aluminum nitride
(AIN) is usually heteroepitaxially grown
on the sapphire substrate, which results
in a large number of dislocations in the
AIN epilayer and severely deteriorates the

sapphire substrate. Based on the high quality and low strain of AIN film
grown on Gr, the as-fabricated 272 nm DUV-LED shows a 22% enhancement
of output power than that with low-temperature AIN buffer, following a
negligible wavelength shift under high current. This facile strategy opens a
pathway to drastically improve the performance of DUV-LEDs.

Dr. H. Chang, Dr. D. Liang, Prof. J. Yan, Prof. Z. Liu, Prof. |. Wang,
Prof. . Li, Prof. T. Wei

Research and Development Center for Semiconductor

Lighting Technology

Institute of Semiconductors

Chinese Academy of Sciences

Beijing 100083, China

E-mail: tbwei@semi.ac.cn

Dr. H. Chang, Prof. S. Yang, Dr. D. Liang, Prof. J. Yan, Prof. Z. Liu,
Prof. |. Wang, Prof. ). Li, Prof. T. Wei

Center of Materials Science and Optoelectronics Engineering
University of Chinese Academy of Sciences

Beijing 100049, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202001272
© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/advs.202001272

Adv. Sci. 2020, 7,2001272 2001272 (1 of 9)

properties of DUV-LEDs.[®! To improve
the quality of AIN films grown on sapphire,
various methods have been implemented
including NH,; pulsed-flow technique
and epitaxial lateral overgrowth on pat-
terned sapphire substrates and patterned
AlN/sapphire  templates.'3]  Among
the current state-of-the-art technology,
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the nanopatterned sapphire substrate (NPSS) is widely regarded
as a stable and effective method to achieve epitaxial growth of
high-quality AIN films and high-performance DUV-LEDs.[}*7]
However, due to the high surface adhesion coefficient of Al
atom on sapphire (or NPSS), the growth of AIN usually fol-
lows a 3D Volmer—-Weber growth mode driven by the surface
energy constraint.'2%1 Under Volmer-Weber mode, high den-
sity of dislocations is generated during the island coalescence
at the AIN/NPSS interface, which easily propagate upward to
the upper epilayer. In addition, 3D island growth also leads to
a much higher coalescence thickness (over 3 pm) on NPSS than
on flat sapphire (FS) as long growth time is required to cover the
pattern!’’] and thus high cost. The key to changing the conven-
tional 3D growth mode is to alleviate the strong adsorption of
large mismatched substrate to the epilayer, and 2D material as a
buffer layer, which can shield the substrate to some extent, and
is definitely a method worth considering.[1-23]

Graphene (Gr), as an ideal 2D material buffer layer, has been
proposed to effectively reduce the mismatch effects between ni-
tride and substrate due to weak van der Waals bonds and fur-
ther helps to achieve transferable optoelectronics and electronics
devices.?*28] Thus, the direct growth of group-I11 nitride epilay-
ers on Gr by quasi-van der Waals epitaxy (QvdWE) can relax the
strict requirement of the conventional heteroepitaxy. More no-
tably, Gr can not only reduce the surface migration barrier dur-
ing QvdWE growth of nitride, but also promote the lateral mi-
gration of metal Al atoms, boosting the 2D mode growth.[2%301 Al
Balushi et al. have already demonstrated the synthesis of 2D GaN
via a migration-enhanced encapsulated growth technique utiliz-
ing epitaxial Gr.*!] However, the essential role of Gr as a buffer
layer to promote the 2D growth of AIN is still ambiguous. More-
over, QvdWE growth of AIN films on Gr to improve DUV-LED
devices remains relatively unexplored, compared to mature blue
LEDs. 1732

Here, we successfully realize QvdWE growth of high-quality
AIN film with low stress and low dislocation density in a quasi-
2D growth mode on NPSS using Gr as the buffer layer and
demonstrate its application in high-performance DUV-LED. By
first-principles calculations, we confirm that AIN on Gr is more
prone to 2D lateral growth in terms of energy and kinetics and
clearly elucidate the growth model. Meanwhile, with the help
of the Gr-driven quasi-2D growth, the AIN film can rapidly co-
alesce and cover the concave-cone NPSS below a thickness of
about 1 pum. The strong lateral growth also enables lots of disloca-
tions to annihilate each other at the AIN/Gr interface. Finally, the
272 nm DUV-LED with Gr exhibits increased output power and
decreased reverse leakage, compared to that with conventional
low-temperature (LT) AIN buffer. Our work demonstrates practi-
cal applications for directly grown Gr film that may bring the dis-
ruptive technology for the growth of high-quality AIN and high
efficiency of DUV-LEDs.

Above all, in order to compare the growth modes of AIN on
Gr and Al O, surfaces, we study the adsorption and diffusion
of an Al atom on small AIN clusters on the two substrates from
first-principles. We adopt Vienna ab initio simulation package!*’!
and calculate the diffusion barrier using the nudged elastic band
method.3*l All the other computational details can be found in
the previous paper.*! First, we consider the AIN growth on Al,O,
(0001) surface. The most stable surface is Al-terminated, and one-
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third of Al sites (low-Al sites) have been occupied. The adsorp-
tion of Al on high-Al sites is more stable than the vac-Al sites
by 1.02 eV.**] We add four Al atoms (three at high-Al sites and
one at the vac-Al site) and three N atoms to form a small Al; )N,
cluster on the Al,0; 3 X 3 surface cell (see the black triangle in
Figure 1a), and then introduce another Al atom to the cluster.
The most stable adsorption site on the Al,O, surface and near
the edge of the AIN cluster is the nearby high-Al site, as shown
by the solid red circle in Figure 1a. However, the top site on N
atom is more stable by 0.085 eV. Despite the small energy differ-
ence, the diffusion barrier from the top site to the high-Al site is
calculated to be 1.107 eV (Figure 1b). Therefore, the coming Al
atom is energetically favorable to adsorb on the top of the existing
AIN cluster and is difficult to jump down to the Al,O, surface.
In other words, the AIN on Al, O, surface prefers a 3D growth
mode. Only at relatively high growth temperature, the Al atom
on the top site can overcome the large energy barrier and jump
down to the Al, O, surface, facilitating the lateral growth of AIN.

However, we find a different growth mode on the Gr sheet.
We calculate the Al adsorption on a small Al,N; cluster on Gr 6
% 6 cell (Figure S1, Supporting Information), and find that the
adsorption of the additional Al atom on top of the N atom is un-
stable. Instead, the Al atom will jump down to the Gr sheet, at-
taching to the edge of the Al,N; cluster. This clearly indicates that
the lateral growth is preferred for small AIN cluster on Gr. Fur-
thermore, we considered the adsorption of Al atom on a larger
AlgN, cluster. Two top sites are found to be stable with adsorp-
tion energies around 1.8-1.9 eV, as shown by t1 and t2 sites in
Figure 1c. The top sites on the other two N atoms are unstable as
in the above AL N; case. On the Gr sheet, there are two types of
adsorption sites near the edge of the AlyN, cluster. As shown in
Figure 1c, one type is the al and a2 sites next to the N atoms in the
cluster, and the other type is the b1 and b2 sites without nearby
N atoms. The Al adsorption on bl and b2 sites is slightly more
favorable than the top sites, with adsorption energies of 1.9-2.1
eV. However, the most stable adsorption sites for Al atom is the
al and a2 sites, with considerable larger adsorption energies of
2.7-2.9 eV. Moreover, the energy barrier from the top t1 site to the
lateral a1 site is calculated to be only 0.005 eV (Figure 1d). Con-
sidering such a tiny barrier, the Al atom on the t1 site is quite easy
to jump down to the Gr surface. Therefore, we conclude that the
AIN on Gr prefers lateral 2D growth both energetically and kinet-
ically at the initial growth stage as quasi-2D mode, which is ex-
pected to be verified in experiments. For the purpose of verifying
the authenticity of the results obtained by first-principles calcula-
tions, experiments of AIN growth on NPSS with different buffer
layers (LT AIN buffer layer or Gr buffer layer) are designed. Fig-
ure le,fand Figure 1g,h schematically show the key processes of
growing AIN film using LT AIN and Gr as buffer layer, following
the high-temperature (HT) growth of AIN epilayers. It is named
as with LT AIN buffer and with Gr buffer, respectively.

Figure 2a shows the scanning electron microscopy (SEM) im-
ages of the utilized NPSS surface, and the cross-sectional profile
of the patterns is illustrated as the inset. The period of NPSS pat-
tern is 1 pm, and the depth and width of the holes are 300 and
300 nm, respectively. In order to ensure that AIN can be high-
quality epitaxial growth on a uniform and continuous Gr film
buffered NPSS, we directly grow bilayer Gr on two-inch NPSS
by atmospheric-pressure chemical vapor deposition method.*¢!

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. First-principles calculation and schematic diagram of the growth of AIN on Al,O; and Gr. a) Adsorption sites of Al atom to the Al;oN; cluster
on Al,O3 (0001) surface. The Al;gN; cluster is denoted by a triangle. The solid red circle represents the high-Al adsorption site that is on the Al,05
surface and next to the Al;gN; cluster, while the empty red circle represents the top site on top of an N atom in the Al;yN; cluster. The H atoms are
used to passivate the bottom layer of the Al,O; slab. b) The energy barrier of Al atom diffusing from the top site to the high-Al site calculated from NEB
method. c) Adsorption sites of Al atom to the AlyN, cluster on Gr surface. The solid red circles (a and b sites) represent the Al adsorption sites that are
on the Gr surface and next to the AlgN, cluster, while the empty red circle represents the top site on top of N atoms in the AlgN, cluster. d) The energy
barrier of Al atom diffusing from the t1 site to the a1 site calculated from NEB method. The small energy barrier is enlarged in the insect. e-h) Schematic
diagram of the key processes of growing AIN film on NPSS with a LT AIN or Gr buffer, including e) LT nucleation growth of AIN, f) HT growth of AIN
film, g) direct growth of Gr films on NPSS, and h) one-step HT growth of AIN film.

Figure S2, Supporting Information, shows an image of as-grown
two-inch Gr/NPSS wafer, and we can see that the NPSS is fully
covered with uniform Gr (Figure 2b). The synthesized Gr is
characterized by Raman spectra. The black curve in Figure 2c
is the typical Raman spectra of grown Gr, which displays the
characteristic Raman peaks of Gr (D-1340 cm™!, G-1587 cm™},
and 2D-2682 cm™!). Moreover, Raman mapping (with laser spot
around 1 pm and step 1 pm) results confirm that the synthesized
Gr is relatively uniform at micron-scale (Figure 2d—g). Further-
more, as shown in Figure 2h, due to the absorption of ultravi-
olet light by Gr itself,””) the characterized transmittance spec-
trum of Gr/NPSS in the wide spectral range (200-850 nm) shows
an absorption peak in the ultraviolet band. Even so, Gr/NPSS
still maintains a decent light transmittance of ~#83% in the tar-
get band of the intended LED (272 nm). To enhance the reactiv-
ity of Gr for AIN nucleation, Gr covered NPSS is implemented
by N, plasma treatment prior to all AIN growth experiments on
Gr/NPSS in this work. It is known that the concentration of de-
fect in Gr can be reflected by the I, /I from the Raman result.!’]
It is clear from Figure 2c that after plasma treatment, the I,/I;
of Raman spectrum is enhanced, which is an indication of the
increased amount of dangling bonds. Thus, the directly grown
Gr on NPSS is highly uniform and can serve as an ideal epitaxial
substrate after plasma treatment.

Experiments of epitaxial growth of AIN on FS are performed to
initially verify the above-mentioned quasi-2D mode obtained by
first-principles calculations. From Figure 3a,—a,, we can see that
the epitaxy growth of AIN on FS with Gr coalesces quickly af-
ter nucleation at high density, resulting in quasi-flat surface mor-
phology with a thickness of only 150 nm and a mirror-smooth
surface with 500 nm. The rapid lateral coalescence of AIN in the
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presence of Gr might be attributed to the fact that Gr can effec-
tively promote a strong 2D growth tendency throughout the AIN
growth process, consistent with the expected quasi-2D results of
the first-principles calculations. Quasi-2D growth of AIN on Gr
from the initial stage enables the dense AIN nuclei to coalesce
quickly and to keep smooth film. We further carry out the AIN
growth on NPSS with nanoconcave-cone pattern using metal or-
ganic chemical vapor deposition (MOCVD) by the following pro-
cedure. According to conventional two-step growth, a 60 nm LT
AIN buffer is grown at 650 °C for 6 min (Figure 3b,). For com-
parison, one-step growth of HT AIN is also carried out directly on
NPSS with Gr buffer at 1270 °C for 6 min (Figure 3c,). Then, AIN
epilayers are further grown on the aforementioned two templates
with different buffer layers at 1270 °C for 2 h to fully flatten the
NPSS (Figure 3b,,c,).

The initial growth morphology of the two growth processes
is compared to reveal the buffer influence. The LT AIN buffer
grown for 6 min has dense but uniform smaller nucleation is-
lands (Figure 3b,), and a flat film surface is obtained after con-
tinued HT growth for 2 h (Figure 3b,). In contrast, the QvdWE
growth of AIN with Gr buffer at 1270 °C for 6 min exhibits a
surprisingly continuous surface morphology in the flat region of
NPSS (Figure 3c,), further proving that AIN does indeed grow
on the Gr surface with quasi-2D mode. After growing for 2 h,
AN film demonstrates an extremely smooth surface with root-
mean-square roughness of only 0.142 nm (Figure 3c, and Fig-
ure S3c, Supporting Information). It is noted that the thickness
of the lateral coalescence of AIN grown on NPSS with LT AIN
buffer is 2.90 um, as depicted in Figure 3b,, which are consistent
with the conventional Volmer—Weber model of nitride growth on
NPSS.[>17] In sharp contrast, the AIN film with Gr buffer has a

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEM, Raman, and optical transmission spectra analyses of bare and Gr covered NPSSs. a) Bird's eye view SEM image of the NPSS surface with
nanoconcave-cone pattern under a tilt angle of 25°. The cross-sectional profile of the patterns of NPSS is illustrated in the inset in (a). b) SEM image of
the 25° tilted surface of the as-grown Gr layers on NPSS. c) Raman spectra of Gr on NPSS before N, plasma treatment (black) and after N, plasma (red).
d-g) Raman mapping of d) D-peak, e) 2D peak, f) G-peak, and g) I,p/I ratio on a Gr film in a 10 x 10 ym? region. h) Optical transmission spectrum

of Gr/NPSS.

lateral coalescence thickness of only 1.08 pm from the SEM im-
ages of the cross section (Figure 3c;), attributed to the Gr-driven
quasi-2D growth mode of AIN film. For a comparison, the HT
AIN growth on NPSS without buffer demonstrates rough and
nonuniform surface morphology after 2 h growth (see details in
Figure S3, Supporting Information).

Based on the above calculations and SEM characterizations,
we propose a model to elucidate the effect of different buffer lay-
ers on the growth of AIN from cluster coalescence to covering
pattern until the film is formed. As is shown in Figure 3b,, at
the initial stage of AIN growth on NPSS at LT, Al atoms are easily
adsorbed above the as-grown AIN cluster due to the minimum
energy principle. At the same time, the LT condition reduces the
diffusion length of the Al adatoms so that the Al atoms tend to be
stably adsorbed in the lowest energy position. It means above the
grown AIN cluster (Figure 3b,), there is a typical 3D-dominated
Volmer-Weber growth mode of AIN (Figure 3bs). Therefore, the
lateral coalescence tendency of AIN clusters is relatively slow and
it is hard to quickly cover the concave-cone pattern of NPSS, as
is shown in Figure 3by,b,. In contrast, the introduction of the
Gr buffer avoids the problems encountered in the above growth
process. On the surface of the Gr treated by N, plasma, AIN can
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nucleate relatively densely and uniformly at HT. In the presence
of the Gr buffer, Al adatoms achieve high enough mobility at HT
to move to energetically favorable sites, which is the edge of the
nuclear cluster (Figure 3c,). Meanwhile, compared to sapphire,
Al adatoms have a lower migration barrier on the Gr surface,
which means that Al adatoms can easily diffuse on the Gr sur-
face and have a longer lateral diffusion length.[**] Therefore, the
growth mode of the epitaxial growth of AIN on Gr/NPSS is not
the 3D-dominant Volmer—Weber mode, but a quasi-2D growth
mode with lateral expansion as the main trend from the initial
stage (Figure 3c;). Thus, it enables AIN to more rapidly coalesce
and cover the concave-cone pattern (Figure 3c;) and finally form
an extremely smooth film (Figure 3c;).

Transmission electron microscopy (TEM) and Raman spec-
trum are used to reveal the underlying effect mechanism of dif-
ferent buffer layers on AIN crystal during the epitaxial process
on NPSS in depth. Dark-field (DF) TEM images of the inter-
face with LT AIN buffer and Gr buffer by using the reflection
g = [0002] are presented in Figures 4a,e, respectively. The ar-
eas enclosed with white lines are the underlying nanopatterns
of the sapphire, above which the air voids are formed during
the growing process. From the TEM analysis, we find that the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM characterization and schematic diagrams of AIN films grown with different buffer layers. a;—a;) SEM images of a;) 30 nm, a,) 150 nm,
and a;) 500 nm AIN grown at 1270 °C on flat sapphire with Gr buffer. b;) SEM image of AIN grown on NPSS for 6 min at 650 °C. ¢;) SEM image of
AIN directly grown for 6 min at 1270 °C on NPSS with Gr buffer. b,,c,) The SEM images of AIN grown on NPSS at a HT (1270 °C) for 2 h with b,) LT
(650 °C) AIN buffer and c;) Gr buffer, respectively. b;,c3) The cross-sectional SEM images of AIN films grown on NPSS at a HT (1270 °C) for 2 h with
b;) LT (650 °C) AIN buffer and c;) Gr buffer, respectively. b,~bg,c4—cg) Schematic illustration of morphology evolution for AIN films grown with b,—bg)

LT AIN buffer and c,—cg) Gr buffer, respectively.

dislocations of AIN films are mostly located on the flat surface of
the NPSS between the concave-cone patterns rather than above
the pattern. As for the AIN film grown with LT AIN buffer (Fig-
ure 4a), we can distinctly observe a dislocation-intensive layer on
the flat surface. Magnified images of the blue rectangular region
further confirm that the dislocation-dense region has a thickness
of about 60 nm, which is consistent with the thickness of the
LT AIN buffer (Figure 4b). Therefore, there is no ambiguity that
the dislocation-intensive area is actually the polycrystalline layer
formed by the disordered growth of AIN in the LT nucleation
stage. Meanwhile, lots of dislocations in the polycrystalline layer
are not annihilated in the subsequent lateral growth but spread
upward, resulting in a surface etch pit density (EPD) dislocation
density of 1.7 x 10® cm™2 estimated by etching process in mixed
acid solution (see details in Figure S4a, Supporting Information),
which could severely degrade the device properties fabricated on
it. Luckily, Gr buffer can significantly improve this situation. The
high-resolution TEM (HRTEM) image in Figure 4c exhibits a
sharp interface of AIN/Gr/Al,O, between the concave-cone pat-
terns, which confirms the stable existence of layered Gr through-
out the growth process. And the cross-sectional atomic structure
of AIN film QvdWE on N, plasma-treated Gr/Al O, is shown
schematically in Figure 4d. From Figure 4e,f, we can recognize
that the existence of Gr introduces multiple effects. On the one
hand, the number of dislocations produced at the AIN/Gr/Al,O,
interface between the concave-cone patterns is greatly reduced.
On the other hand, the growth of Gr-driven AIN presents a strong
2D trend, which leads to some dislocations to incline and stack-
ing faults to annihilate without extending to the surface of the
film. Therefore, by taking the advantage of 2D growth process,
the estimated surface EPD of the AIN epilayer grown with Gr is
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reduced to 8.3 x 107 cm™2 observed in the same etching experi-
ment mentioned above by SEM, as depicted in Figure S4b, Sup-
porting Information. Meanwhile, the dislocation densities of AIN
films with LT AIN and with Gr buffer measured by X-ray rocking
curve are 3.264 x 10° and 2.755 x 10° cm ™2, respectively, which
further proves the better crystal quality of AIN film with Gr (see
details in Figure S5, Supporting Information). Hence, the quality
improvement of AIN film should be attributed to the fact that Gr
alleviates the mismatch effects between the substrate and AIN
film to a certain extent. More importantly, the Gr-driven quasi-
2D growth causes few defects generated at the AIN/Gr/NPSS
interface, preventing the propagation of dislocations toward the
epitaxial film surface. Also, the selected-area electron diffraction
(SAED) pattern of the AIN domain shows a single diffraction pat-
tern of the (0002) c-axis-oriented wurtzite structure and the SAED
pattern from the interface region proves the epitaxial orientation
relationships of (0002) AIN//(0006) Al,O, and (0110) AIN//(1210)
Al, O, (Figure S6, Supporting Information).

Furthermore, the strains in AIN could impose profound ef-
fects on its E, (high) phonon mode of Raman spectra, which
could provide a clear signature for the biaxial stress within the
basal plane.’3*! With the Gr buffer, the E, (high) peak of AIN
is located at 657.9 cm™', which is very close to the stress-free
AIN (657.4 cm™) as shown in Figure 4g. However, the AIN film
grown with LT AIN buffer (658.9 cm™') demonstrates higher fre-
quency due to suffering a high compressive strain.!**! Compared
with the residual stress in AIN with LT AIN buffer (0.42 GPa),
the residual compressive stress of AIN with Gr buffer (0.14 GPa)
is significantly reduced.*”) Meanwhile, the 2D and G peaks of
Raman spectrum of Gr also exhibit high stain sensitivity.*!) As
shown in Figure 4h, G and 2D peaks of the Raman spectrum of
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Figure 4. Cross-sectional TEM and Raman characterizations of AIN films grown on NPSS with the different buffer layers. a,e) DF images of epitaxial
AIN on NPSS with a) LT AIN buffer and e) Gr buffer with g = [0002]. b,f) Magnified DF images of the AIN/NPSS interface in the blue rectangular
region marked in (a) and the AIN/Gr/NPSS interface in the red rectangular region marked in (e). c) The HRTEM image of the AIN/Gr/NPSS interface.
d) The schematic diagram of AIN/Gr/Al,O; sandwich structure. g) Relative Raman shifts of E, (high) of AIN in stress-free AIN bulk, AIN/NPSS, and
AIN/Gr/NPSS, respectively. h) Relative Raman shifts of G and 2D peaks of Gr before and after AIN growth.

Gr sandwiched between AIN and NPSS shift to higher wave num-
bers (1612.3 and 2705.3 cm™, respectively), with regard to that of
the pristine ones before growth (1587.6 and 2682.9 cm™!, respec-
tively), which implies that Gr is subjected to compressive stress.
Therefore, we can infer that Gr relaxes the stress caused by the
mismatch between epilayer and substrate after the combination
of Gr distortion of itself (Figure 4d), so that AIN with Gr exhibits
a weak residual stress state.

Finally, the DUV-LED structures are grown on AIN templates
on NPSS with different buffer layers and the fabricated DUV-
LED devices are further investigated. The schematic chip struc-
ture is shown in Figure 5a, consisting of a 100 nm p-GaN hole
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injection layer, an 80 nm thick layer of Mg-doped p-AlGaN (p-
Aly;GaysN (30 nm) cladding layer and 50 nm thick layer of
Mg-doped p-Al,Ga,;sN electron blocking layer (EBL)), five-
period Aly,Gay¢N (3 nm)/Al;sGaysN (12 nm) multiquantum
wells (MQWs), 1.8 pm thick Si-doped n-Al, ssGa, 45N, 20-period
AIN (20 nm)/Al;Ga,,N (20 nm) superlattice (SL), and 3-um
AIN. The low magnification cross-sectional scanning TEM im-
age of the DUV-LED grown on the Gr/NPSS-based AIN template
(Figure S7, Supporting Information) and corresponding energy
dispersive spectroscopy mapped images (Figure S8, Supporting
Information) clearly show the DUV-LED heterojunction struc-
ture. Figure 5b and Figure S9, Supporting Information, plot the
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Figure 5. The EL and FDTD simulation characterization of as-fabricated DUV-LEDs. a) Schematic illustration of the DUV-LEDs structure with Gr. b)
Current-voltage characteristics of as-fabricated DUV-LEDs with different buffer layers. c) The reverse current-voltage curves on a semi-log scale. d) The
light output power of the as-fabricated DUV-LEDs with different buffer layers as a function of injection current. e,f) EL spectra of different DUV-LEDs
by varying the injection current from 10 to 80 mA. g) FDTD simulations of the LEE of DUV-LEDs with different buffer layers for TE polarizations. h,i)
Cross-sectional electric field distributions of the DUV-LEDs with h) LT buffer and i) Gr buffer for TE polarizations at the x—z-plane, respectively.

current—voltage characteristics of the DUV-LEDs on NPSS with
different buffer layers and without buffer layer, respectively. Com-
pared with the LT AIN buffered DUV-LED with a turn-on voltage
of 6.1V, the DUV-LED with Gr buffer shows a slight increase of
6.5 V. It is worth noting that with the increase of applied reverse
voltage, as-fabricated DUV-LED with Gr consistently shows the
much lower reverse leakage current in Figure 5c (only 0.02 pA
at —8 V), confirming the reduced dislocation density of the DUV-
LED with Gr buffer. In comparison, the reverse leakage current of
DUV-LED with LT AIN buffer reaches 0.12 pA at —8 V, while the
DUV-LED without buffer exhibits large reverse leakage current
even at low reverse voltage (10~* A at —8 V; Figure S9b, Support-
ing Information).

The light output power (LOP) of 272 nm DUV-LEDs as a func-
tion of injection current is plotted in Figure 5d and Figure S10a,
Supporting Information. The LOP of LEDs increases simultane-
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ously with increasing the injection current and the LOP of the
LED with Gr is obviously higher than those with LT-AIN buffer
and without buffer due to the improved crystal quality. At 20 mA,
the DUV-LED with Gr buffer offers a LOP of 2.43 mW, which
is higher than that of the DUV-LED with LT AIN buffer (1.99
mW), and is about 4.2 times the LOP of the DUV-LED without
the buffer (0.58 mW) (Figure S10a, Supporting Information). Ac-
cording to the calculation, when the applied current is 20 mA, the
corresponding external quantum efficiency (EQE) and wall-plug
efficiency (WPE) of DUV-LED with Gr buffer layer are 2.66% and
1.94%, respectively, which are both higher than the EQE (2.17%)
and WPE (1.65%) of LED with LT AIN buffer layer. In order to
evaluate the reliability, the normalized electroluminescence (EL)
of as-fabricated LEDs under different injection currents is inves-
tigated as shown in Figure 5e,f and Figure S10b, Supporting In-
formation. The EL peak wavelength of the DUV-LED using Gr as
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buffer shows a 0.8 nm blue-shift as the applied current increases
from 10 to 80 mA, obviously reducing the wavelength shift com-
pared to that of the LED with LT AIN buffer (2.4 nm) and without
buffer (5.5 nm). Itis attributed to substantial stress relaxation due
to the presence of Gr buffer layer, while the epitaxial high-quality
LED structure with Gr reduces the non-radiative recombination
normally associated with device heating.

Moreover, the light extraction efficiency (LEE) of the DUV-
LEDs with different buffer layers is numerically calculated by us-
ing a 3D finite difference time domain (FDTD) method. The air
void size and height are obtained from cross-sectional TEM and
SEM results. From simulation results, we find that TE- and TM-
polarized LEEs in the DUV-LED with LT AIN buffer layer (6.41%
and 0.53%, respectively) and with Gr buffer layer (6.58% and
0.57%, respectively) are almost same (Figure 5g and Figure S11,
Supporting Information). Meanwhile, the TE- and TM-polarized
cross section electric field distributions for DUV-LEDs with dif-
ferent buffers are analogical (Figure 5h,i and Figure S12, Sup-
porting Information). These simulation results indicate that the
insertion of Gr changes the shape of air void in the AIN film, but
does not deteriorate LEE of DUV-LED. Therefore, the efficiency
improvement of DUV-LED with Gr buffer is mostly attributed to
the reduced dislocation density and strain in the epilayers, cor-
responding to the enhancement of internal quantum efficiency
(IQE).

In summary, our accomplishments, quasi-2D growth of high-
quality AIN film directly realized on Gr-buffered NPSS and
demonstrates excellent optoelectronic properties and reliability
of DUV-LED. Guided by the first-principles calculations, we re-
veal that AIN on Gr tends to 2D lateral growth energetically and
kinetically. Meanwhile, confirmed by experiments, the growth
mode of AIN on Gr-buffered NPSSS is indeed dominated by a
quasi-2D growth, different from the traditional 3D-dominated
Volmer—Weber growth on bare NPSS. Thus, effective improve-
ment of the AIN crystal quality is realized by facilitating mutual
annihilation of the dislocations during quasi-2D growth process,
following significant reduction in the coalescence thickness of
AIN. Eventually, a series of EL characterization and simulation
studies emphasize that the output power of DUV-LED with Gr
exhibits a 22% enhancement compared to its counterpart with
LT AIN buffer. Through both experimental and theoretical anal-
ysis, it is concluded that the Gr buffer opens a new pathway to
drastically improve the performance of DUV-LEDs, as a disrup-
tive technology.

Experimental Section

CVD Growth of Gron NPSS:  Typically, the two-inch NPSS was cleaned
with deionized water, ethanol, and acetone and then loaded into a three-
zone HT furnace. The furnace was heated to 1050 °C and stabilized for
about 10 min under 500 sccm Ar and 300 sccm H,. 30 sccem CH, was
introduced into the reaction chamber as carbon source for the growth of
Gr on the NPSS for about 3-5 h.

MOCVD Growth of AIN on NPSS with Gr Buffer Layer: The Gr/NPSS
was exposed to N, plasma treatment (PVA TePla AG, 300 Standard) under
optimized plasma treatment conditions (200 Pa pressure with 300 sccm
air flow and 50 w power for 30 s) before loading into MOCVD chamber.

The HT AIN was grown at 1270 °C for 2 h with an NH; flow of 500 sccm
and a trimethylaluminum (TMAI) flow of 70 sccm. It was a one-step pro-
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cess without using LT buffer layer and the growth rate for the AIN epilayer
was 1.5 ym h=1.

MOCVD Growth of DUV-LED Structure on Gr/NPSS: The MOCVD
system used in the epitaxial growth process of DUV-LEDs was
a home-made vertical single-chip system. The AlGaN-based DUV-
LED structure was grown on the AIN/Gr/sapphire template, includ-
ing a 20-period AIN/AlysGay 4N SL, n-Algs5GagsN layer, five-period
Alg 4Gag gN/Aly sGagsN MQWs, and p-type layers (layer of Mg-doped p-
Alg ¢5Gag 35N EBL, p-Alg sGag 5N cladding layer and p-GaN contact layer).
Trimethylgallium (TMGa) was used as a Ga precursor. Silane (SiH,) and
bis(cyclopentadienyl)magnesium (Cp,Mg) were used for n-type and p-
type doping, respectively. A 20-period AIN (2 nm)/Aly ¢Gag 4N (2 nm) SL
was first deposited at 1130 °C, with the periodic flow change of TMAI
to adjust the deposition component while the TMGa flow was kept at
32 sccm. Then temperature was reduced to 1002 °C, and 20 sccm silicane-
hydrogen mixture flow (actual silicane flow rate was 2.34 sccm) was intro-
duced for the growth of the 1.8 pm n-Aly 5sGag 45N layer. The five-period
Aly sGag sN/Aly ,Gag N MQWs was further grown with a 3 nm quantum
well and a 12 nm quantum barrier by switching the TMAI from 24 to
14 sccm and TMGa from 8 to 7 sccm for each period. A 50 nm thick layer
of Mg-doped p-Alj g5 Gag 35N EBL, a p-Aly sGag sN (30 nm) cladding layer,
and a 100 nm thick p-GaN contact layer were subsequently deposited. Af-
ter the growth, the p-type layers were annealed in the reactor at 800 °C in
N, atmosphere for 20 min to activate the Mg acceptors. In addition, the
doping concentration of Si in the n-Aly ssGag 45N layer was 3 x 108 cm™3
and the doping concentration of Mg in p-GaN was 1x 10'® cm~3. More-
over, the corresponding estimated carrier concentrations of n-type layer
and p-type layer were 3 x 10'® and 1x 10'® cm~3, respectively.

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 pho-
tolithography, 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
a 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.

Supporting Information

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

Acknowledgements

H.C. and Z.C. contributed equally to this work. This work was finan-
cially supported by the National Key R&D Program of China (No.
2018YFB0406703), the National Natural Science Foundation of China
(Nos. 61974139, 61527814, and 61427901), the Beijing Natural Science
Foundation (No. 4182063), the Key R&D Program of Guangdong Province
(Nos. 2018B030327001 and 2018B010109009), and the “2011 Program”
Peking-Tsinghua-IOP Collaborative Innovation Center for Quantum Mat-
ter. The authors acknowledge Electron Microscopy Laboratory in Peking
University for the use of Cs corrected electron microscope.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

aluminum nitride, deep ultraviolet light-emitting diodes, graphene, quasi-
2D growth

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWILIOD BAITERD 8|qeoldde ayy Aq peusenob ke sejoe VO @SN JO S9N 10} Akeiq1T8uluO A8]1/M UO (SUORIPUCD-PUR-SLUBIL0D A8 | 1M ATelq 1jaU1|UO//SANY) SUONIPUOD pue SWs | au 88S *[£202/60/70] Uo AriqiTaulluo Ae|im ‘Aisieniun Bueibyz Aq z/ZT00202 SAPe/Z00T OT/I0pA0d A8 |imAreIq Ul uo//:Sdny Wo.j pepeojumod ‘ST ‘0202 ‘Y78E86TZ



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Received: April 6, 2020
Revised: May 11, 2020
Published online: June 23, 2020

(1
(2
(3]

(4]

3]
(6]

(7]
(8]

9]

(1]

(1]
(12]
(13]
(14]
[15]

(6]

(17]

(18]
(19]

Adv. Sci. 2020, 7, 2001272

A. Khan, K. Balakrishnan, T. Katona, Nat. Photonics 2008, 2, 77.

D. Li, K. Jiang, X. Sun, C. Guo, Adv. Opt. Photonics 2018, 10, 43.

M. Kneissl, T.-Y. Seong, J. Han, H. Amano, Nat. Photonics 2019, 13,
233,

J. R. Grandusky, R. V. Randive, T. C. Jordan, L. ]. Schowalter, Appl.
Phys. Express 2013, 6, 032101.

Y. Taniyasu, M. Kasu, T. Makimoto, Nature 2006, 441, 325.

J. Y. Tsao, S. Chowdhury, M. A. Hollis, D. Jena, N. M. Johnson, K. A.
Jones, R. J. Kaplar, S. Rajan, C. G. Van de Walle, E. Bellotti, C. L. Chua,
R. Collazo, M. E. Coltrin, J. A. Cooper, K. R. Evans, S. Graham, T. A.
Grotjohn, E. R. Heller, M. Higashiwaki, M. S. Islam, P. W. Juodawlkis,
M. A. Khan, A. D. Koehler, J. H. Leach, U. K. Mishra, R. . Nemanich,
R. C. N. Pilawa-Podgurski, |. B. Shealy, Z. Sitar, M. J. Tadjer, A. F.
Witulski, M. Wraback, J. A. Simmons, Adv. Electron. Mater. 2018, 4,
1600501.

S. Inoue, T. Naoki, T. Kinoshita, T. Obata, H. Yanagi, Appl. Phys. Lett.
2015, 706, 131104.

B. H. Le, S. Zhao, X. Liu, S. Y. Woo, G. A. Botton, Z. Mi, Adv. Mater.
2016, 28, 8446.

M. Shatalov, W. Sun, A. Lunev, X. Hu, A. Dobrinsky, Y. Bilenko, J.
Yang, M. Shur, R. Gaska, C. Moe, G. Garrett, M. Wraback, Appl. Phys.
Express 2012, 5, 082101.

R. Jain, W. Sun, J. Yang, M. Shatalov, X. Hu, A. Sattu, A. Luneyv, |J.
Deng, I. Shturm, Y. Bilenko, R. Gaska, M. S. Shur, Appl. Phys. Lett.
2008, 93,051113.

M. Conroy, V. Zubialevich, H. Li, N. Petkov, ]. Holmes, P. Parbrook,
J- Mater. Chem. C 2015, 3, 431.

H. Hirayama, T. Yatabe, N. Noguchi, T. Ohashi, N. Kamata, Appl. Phys.
Lett. 2007, 97, 071901.

T. Wei, S. M. Islam, U. Jahn, J. Yan, K. Lee, S. Bharadwaj, X. Ji, J. Wang,
J. Li, V. Protasenko, H. Xing, D. Jena, Opt. Lett. 2020, 45, 121.

T. Takano, T. Mino, ). Sakai, N. Noguchi, K. Tsubaki, H. Hirayama,
Appl. Phys. Express 2017, 10, 031102.

L. Zhang, F. Xu, . Wang, C. He, W. Guo, M. Wang, B. Sheng, L. Lu, Z.
Qin, X. Wang, B. Shen, Sci. Rep. 2016, 6, 35934.

D. Lee, J. W. Lee, J. Jang, I.-S. Shin, L. Jin, J. H. Park, ). Kim, J. Lee,
H.-S. Noh, Y. Kim, Y. Park, G.-D. Lee, Y. Park, ). K. Kim, E. Yoon, Appl.
Phys. Lett. 2017, 110, 191103.

P. Dong, ). Yan, J. Wang, Y. Zhang, C. Geng, T. Wei, P. Cong, Y Zhang,
J. Zeng, Y. Tian, L. Sun, Q. Yan, J. Li, S. Fan, Z. Qin, Appl. Phys. Lett.
2013, 7102, 241113.

L. E. Brus, J. Chem. Phys. 1984, 80, 4403.

I. Akasaki, H. Amano, J. Cryst. Growth 1997, 175-176, 29.

2001272 (9 of 9)

(20]

(21]

(22]

(23]
(24]
(25]

(26]

(27]
(28]
(29]
(3]

(31]

(32]
33]
(34]
35]
36]
(37]

(38]
(39]

(40]

(41]

www.advancedscience.com

P. Vennégues, |. M. Chauveau, Z. Bougrioua, T. Zhu, D. Martin, N.
Grandjean, J. Appl. Phys. 2012, 112, 113518.

Y. Kim, S. S. Cruz, K. Lee, B. O. Alawode, C. Choi, Y. Song, J. M. John-
son, C. Heidelberger, W. Kong, S. Choi, K. Qiao, I. Aimansouri, E. A.
Fitzgerald, ). Kong, A. M. Kolpak, J. Hwang, J. Kim, Nature 2017, 544,
340.

W. Kong, H. Li, K. Qiao, Y. Kim, K. Lee, Y. Nie, D. Lee, T. Osadchy, R.
J. Molnar, D. K. Gaskill, R. L. Myers-Ward, K. M. Daniels, Y. Zhang, S.
Sundram, Y. Yu, S. H. Bae, S. Rajan, Y. Shao-Horn, K. Cho, A. Ougaz-
zaden, J. C. Grossman, J. Kim, Nat. Mater. 2018, 17, 999.

Y. Kobayashi, K. Kumakura, T. Akasaka, T. Makimoto, Nature 2012,
484, 223.

K. Chung, C. Lee, G. Yi, Science 2010, 330, 655.

J. Kim, C. Bayram, H. Park, C.-W. Cheng, C. Dimitrakopoulos, J. A.
Ott, K. B. Reuter, S. W. Bedell, D. K. Sadana, Nat. Commun. 2014, 5,
4836.

S.-H. Bae, K. Lu, Y. Han, S. Kim, K. Qiao, C. Choi, Y. Nie, H. Kim, H.
S. Kum, P. Chen, W. Kong, B.-S. Kang, C. Kim, J. Lee, Y. Baek, . Shim,
J. Park, M. Joo, D. A. Muller, K. Lee, J. Kim, Nat. Nanotechnol. 2020,
15,272.

D. Liang, T. Wei, J. Wang, |. Li, Nano Energy 2020, 69, 104463.

N. R. Glavin, K. D. Chabak, E. R. Heller, E. A. Moore, T. A. Prusnick,
B. Maruyama, D. E. Walker Jr., D. L. Dorsey, Q. Paduano, M. Snure,
Adv. Mater. 2017, 29, 1701838.

H. Sevincli, M. Topsakal, E. Durgun, S. Ciraci, Phys. Rev. B 2008, 77,
195434,

W. Wang, Y. Zheng, X. Li, Y. Li, H. Zhao, L. Huang, Z. Yang, X. Zhang,
G. Li, Adv. Mater. 2019, 31, 1803448.

Z.Y. Al Balushi, K. Wang, R. K. Ghosh, R. A. Vil4, S. M. Eichfeld, J. D.
Caldwell, X. Qin, Y.-C. Lin, P. A. DeSario, G. Stone, S. Subramanian,
D. F. Paul, R. M. Wallace, S. Datta, J. M. Redwing, J. A. Robinson, Nat.
Mater. 2016, 15, 1166.

I. M. Hgiaas, A. L. Mulyo, P. E. Vullum, D.-C. Kim, L. Ahtapodov, B.-O.
Fimland, K. Kishino, H. Weman, Nano Lett. 2019, 19, 1649.

C. Kresse, |. Hafner, Phys. Rev. B 1993, 47, 558.

G. Mills, H. Jénsson, G. K. Schenter, Surf. Sci. 1995, 324, 305.

H. Chang, Z. Chen, W. Li, . Yan, R. Hou, S. Yang, Z. Liu, G. Yuan, J.
Wang, ). Li, P. Gao, T. Wei, Appl. Phys. Lett. 2019, 114, 091107.

Z. Chen, Y. Qi, X. Chen, Y. Zhang, Z. Liu, Adv. Mater. 2019, 31,
1803639.

F. Mak, L. Ju, F. Wang, T. F. Heinz, Solid State Commun. 2012, 152,
1341.

V. Lughi, D. R. Clarke, Appl. Phys. Lett. 2006, 89, 241911.

T. Prokofyeva, M. Seon, J. Vanbuskirk, M. Holtz, S. A. Nikishin, N. N.
Faleev, H. Temkin, S. Zollner, Phys. Rev. B 2001, 63, 125313.

A. H. Park, T. H. Seo, S. Chandramohan, G. H. Lee, K. H. Min, S. Lee,
M. J. Kim, Y. G. Hwang, E.-K. Suh, Nanoscale 2015, 7, 15099.

J. Zabel, R. R. Nair, A. Ott, T. Georgiou, A. K. Geim, K. S. Novoselov,
C. Casiraghi, Nano Lett. 2012, 12, 617.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

B5UBD17 SUOWILLIOD BAIERID 3|qedtjdde a4y Ag pauenob a1e saoNe WO ‘88N JO S3|NnJ o Afeuq18U1IUO AS|IA UO (SUONIPLOD-PUB-SWLIB)W0 AS | 1M AleIq 1Bl UO//:SdNY) SUORIPUOD PUe SWB 1 8U) 39S *[£202/60/0] uo Arigiauluo A|im ‘Aiseaiun Buelbuz Ag z,210020¢ SAPe/Z00T 0T/10p/wod" Ao |1m Atelq1jpul|uo//sdny Wwo.y papeojumod ‘ST ‘0202 ‘v78E86TZ



