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Hexagonal BN-Assisted Epitaxy of Strain Released GaN
Films for True Green Light-Emitting Diodes
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Liuyun Yang, Jiaqi Wei, Xuepeng Wang, Xianbin Li, Xuelin Yang, Fujun Xu, Zhixin Qin,

Zhaohui Zhang, Bo Shen, and Xingiang Wang*

Epitaxial growth of llI-nitrides on 2D materials enables the realization of
flexible optoelectronic devices for next-generation wearable applications.
Unfortunately, it is difficult to obtain high-quality IlI-nitride epilayers on 2D
materials such as hexagonal BN (h-BN) due to different atom hybridizations.
Here, the epitaxy of single-crystalline GaN films on the chemically activated
h-BN/Al, O, substrates is reported, paying attention to interface atomic
configuration. It is found that chemical-activated h-BN provides B-O-N and
N-O bonds, where the latter ones act as effective artificial dangling bonds for
following GaN nucleation, leading to Ga-polar GaN films with a flat surface.
The h-BN is also found to be effective in modifying the compressive strain in
GaN film and thus improves indium incorporation during the growth of
InGaN quantum wells, resulting in the achievement of pure green
light-emitting diodes. This work provides an effective way for IlI-nitrides
epitaxy on h-BN and a possible route to overcome the epitaxial bottleneck of
high indium content llI-nitride light-emitting devices.

(LEDs), such as green LEDs.>!%l On the
one hand, the lattice mismatch causes
larger residual stress in the multiple quan-
tum wells (MQWs) region, which limits
the incorporation of indium (In) in the
MQWs.['1121 On the other hand, the larger
residual stress introduces bigger polariza-
tion electric field in the MQWs region, re-
sulting in a stronger quantum confinement
Stark effect (QCSE), which significantly re-
duces the luminous efficiency of the green
LED.[**] Therefore, the epitaxy of nitrides
on 2D materials is considered to be one of
the potential methods for preparing high-
efficient green LEDs. Besides, epitaxy of I11-
nitrides on 2D materials also shows its ad-
vantage for mechanically transferring epi-
taxial structures onto foreign substrates,
thereby obtaining flexible III-nitride based
devices at a low cost and vertical devices as
well.[1415]

Recently, epitaxial growth of sp’-hybridized Ill-nitrides on
sp?-hybridized 2D materials has attracted considerable
attentions.'>] Those 2D materials are believed to minimize
lattice mismatch between the epilayer and heterosubstrates
due to the weakly bonded 2D interlayers.[*®! It is worth noting
that the mismatch problem is one of the main challenges in
realizing high-efficiency long wavelength light-emitting diodes

Notably, as a family member of III-nitrides, hexagonal BN
(h-BN) owes better growth compatibility than other 2D mate-
rials for the epitaxy of Ill-nitride films and is thus believed to
be the most suitable 2D material for II-nitrides epitaxy.[1®17]
However, the integration between h-BN and conventional III-
nitride film still remains a challenge due to the difficulty in
combining different atomic hybridization.['®-21] In fact, it is very
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Figure 1. a) Raman scattering spectrum of 3-nm-thick annealed h-BN on Al,O;. b) AFM image of 3-nm-thick annealed h-BN on Al,0;. SEM images of
) 30-nm-thick LT-GaN and d) subsequent 1.5-pm-thick HT-GaN grown on untreated h-BN/Al,O; substrate. SEM images of e) 30-nm-thick LT-GaN and
f) subsequent 1.5-ym-thick HT-GaN deposited on HCl-activated h-BN/Al,O; substrate. These SEM results indicate that a drastically improved surface
of HT-GaN epilayer owes to the increasing of GaN nucleation density by HCl treatment of h-BN.

difficult to form covalent bonds on 2D materials due to the
absence of dangling bonds.[?2%] Therefore, nucleation of GaN
on 2D materials is almost impossible except that the 2D ma-
terials are not perfect.2*?”] A couple of research groups tried
to make dangling bonds or defects on 2D materials by using
oxygen-plasma pretreatment on the 2D materials to enhance
the nucleation of GaN.[?#?%] For example, Chung et al. reported
the achievement of high-quality GaN films on oxygen-plasma-
treated graphene/Al, O, substrates.l!l Besides, Wu et al. reported
the growth of AlGaN-based deep-ultraviolet LED structure on
oxygen-plasma-treated h-BN/Al, O,.3%) Although several groups
have reported the epitaxy of III-nitrides on h-BN, graphene, and
so on, the interface bonding behaviors and/or the nucleation phe-
nomena of [1I-nitrides are seldom reported and are not well stud-
ied to the best of our knowledge.31-3I

In this work, we study the epitaxy of GaN on 2-in. h-BN/AL O,
and focus on the interface bonding and nucleation behavior. A
chemical activation method is specially used to generate N-O
bonds to facilitate the nucleation of GaN on the h-BN surface
and thus improve the crystal perfection for epilayers. It is found
that the artificially added N—O bonds not only create more sites
for following GaN nucleation but also modify the lattice polar-
ity of GaN to be uniform Ga-polarity one, leading to high-quality
material with flat surface. Based on those smooth GaN, we are
then able to grow high-quality InGaN quantum wells structure
for green LEDs. That h-BN layer is found to relax the compres-
sive strain in GaN film and thus improve indium incorporation
during the growth of InGaN quantum wells, leading to the emis-
sion wavelength redshift and achievement of pure green light-
emitting diodes.
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GaN epitaxy was performed on 2-in. h-BN grown on (0001)
Al O, substrate. The typical thickness for the h-BN is about
3 nm. As shown in Figure 1a, a typical Raman scattering spec-
trum of the 3-nm-thick h-BN shows an intense scattering peak at
1364 cm™! with a full width at half-maximum (FWHM) as small
as 10.7 ecm™!, indicating a sp?-hybridized BN with good crystal
quality. The h-BN shows wrinkle-like morphology with a root
mean square value of 0.9 nm in a scanned area of 5 X 5 um?, as
depicted in Figure 1b.

Conventional two-step growth was performed to deposit GaN
films on h-BN/AL, O,, which had achieved great success in the
epitaxy of Ill-nitrides on sp*-bonded single crystal substrates
such as Al,0,.13*33] Unfortunately, with a growth interruption af-
ter low temperature (LT)-GaN annealing, only limited number of
GaN nucleation islands next to wrinkles has been observed, as de-
picted in Figure 1c. Afterward, those islands cannot coalesce well
during conventional high temperature growth process and the
high temperature (HT)-GaN film shows a discontinuous surface,
as depicted in Figure 1d. It reveals that direct growth of GaN on
h-BN/AL O, is difficult, because the absence of dangling bonds
in 2D h-BN indeed hinders GaN nucleation, especially, the more
perfect the 2D, the worse the nucleation of GaN.

Here, we propose a chemical activation method to generate
dangling bonds on the surface of h-BN and thus to improve the
nucleation ability of sp*-hybrided GaN. To activate the surface,
h-BN was treated by hydrochloric acid (HCl) and deionized wa-
ter, which is expected to introduce the hydroxide (OH) and thus
the oxygen bonds so that the nucleation sites can be created. As
depicted in Figure 1le, more GaN crystalline grains are observed
on the activated h-BN surface. This is further proved by the grain

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. B 1s characteristic peak of h-BN a) before and b) after HCl activation. The B 1s peak of activated h-BN is consisted of B-N peak (190.8 eV) and
B—O related peak (191.4 eV), showing the formation of O-related defects bonding with B atoms. N 1s characteristic peak of h-BN c) before and d) after
HCl activation. The N 1s peak of activated h-BN includes a contribution from peaks of B-N bond (396.5 eV) and N-O related bond (400.4 eV), which
indicates some of newly formed O-related defects bonding with N atoms. The thickness of h-BN is about 3 nm.

density statistics (see Figure S2, Supporting Information). After
HCI treatment, the GaN grain density increases by about three-
fold from 24 to 69 pm~2, indicating a significant increase of nu-
cleation sites, i.e., more surface dangling bonds are generated on
h-BN surface. This facilitates the coalescence of HT-GaN and fur-
ther leads to the formation of continuous and smooth films, as
shown in Figure 1f.

To reveal the surface-activated mechanism of h-BN after HCI
treatment, X-ray photoemission spectroscopy (XPS) measure-
ments were carried to identify the surface chemical states on h-
BN. Figure 2a,b presents that the chemical state of B 1s remains
B-N (190.8 eV) and the B-O related chemical state (191.4 eV) ap-
pears after the HCl treatment.3®%”] Simultaneously, the chemical
state of N 1s remains B-N (396.5 eV) and the N-O related chem-
ical state (400.4 eV) are detected after the HCI treatment, as de-
scribed in Figure 2¢,d.?3*] Meanwhile, XPS spectra of activated
h-BN show that the intensities of B 1s and N 1s peaks obviously
decrease, which are mostly attributed to the degradation of lattice
structure (see Figure S3, Supporting Information). These results
indicate that the newly formed surface defects and the original
defects will provide some oxygen-related artificial dangling bonds
on the h-BN surface during HCl treatment.

Then, we performed first-principles density functional theory
(DFT) calculation to confirm the chemical adsorption process of
O atoms on the h-BN surface. As shown in Figure 3a,b, four op-
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Table 1. Calculated binding energy (Eg) per O atom adsorbed on h-BN
surface. Here, Eg is calculated by the following formula: Eg = Egn.o —
Egn — Eo, where Egno, Egy = —439.350 eV, and Eq = —1.606 eV are the
energies of monolayer h-BN adsorbed by one O atom, isolated monolayer
h-BN, and isolated O atom (i.e., a single O atom in the 5 X 5 x 1 supercell),
respectively. Negative sign means exothermic.

Center B-O N-O B-O-N
Egneo [€V] —441.272 —442.098 —442.522 —443.057
Egn [eV] —439.350 —439.350 —439.350 —439.350
Eo [eV] —1.606 —1.606 —1.606 —1.606
Eg [eV] -0.316 -1.142 —1.566 —2.101

timized chemical adsorption sites of single O atom on the sur-
face of one monolayer h-BN sheet are considered: floating in
the center of the h-BN honeycomb lattice (center), only bonding
with B (B-0), only bonding with N (N-O), and bonding with B
and N in the form of a bridge (B—O-N).[32%%l The binding ener-
gies between one O atom and h-BN in these four structures are
calculated to determine the most favorable chemisorbed O site
on h-BN, as shown in Table 1. The calculation shows that the
chemisorption of one O atom with B and N atoms forms a ver-
tical B-O-N triangular ring, where it owes the largest binding
energy (—2.101 eV). Here, the negative value means a binding.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) Top and b) side view of the four optimized structures of single O atom chemisorbed on an h-BN monolayer: center (above the center of
the h-BN honeycomb lattice), B-O (only bonding with B), N-O (only bonding with N), and B-O-N (bonding with B and N in form of a bridge). Color

coding: Cyan for B, gray for N, and red for O.

Table 2. Calculated Eg of various cases of Ga or N atom absorption on h-
BN, where the N-O sites are considered as effective dangling bonds. The
Eg is estimated by Eg = Efjna) — Enitial = EgajN + EReplaced: Where Egina),
Ejnitiatr Egajn» @nd Egeplaced are the energies of Ga or N atom absorption
on h-BN, h-BN with N-O bond, single Ga or N atom, and the replaced O
atom (for the N-Ga and N-N absorption without O). Negative sign means
exothermic.

N-O-Ga N-O-N N-Ga N-N
Erinal [V] —446.253 —451.654 —439.75 —442.793
Epnitial [€V] —442.522 —442.522 —442.522 —442.522
Egan [eV] -0.263 -3.124 —-0.263 —3.124
EReplaced [€V] 0 0 —1.606 —1.606
Eg [eV] —3.468 -6.008 1.429 1.247

Besides, the configuration of N-O bond also provides a possible
pathway because it not only displays a smaller lattice distortion
of h-BN sheet in this case but also holds the second largest bind-
ing energy (—1.566 eV). B—O bond shows a smaller binding en-
ergy (—1.142 eV), showing a worse chemical adsorption site for
O atoms. The smallest binding energy (—0.316 eV) appears in the
center position, where O atoms are normally unstable and tend
to break away from the surface. Combined with the XPS results,
it is believed that the B-O-N and N-O bonds are generated on
the h-BN surface. This is most likely due to that the sp?-bonded
h-BN surface is not perfect, and there are some defective regions,
such as vacancies and wrinkles. Due to the strong chemical ac-
tivity of these defective regions, more surface defects can be in-
duced during the treatment of HCI solution.*'=**] At the same
time, these surface defects can adsorb hydroxide ions in the HCI
solution, forming two kinds of oxygen-related defects, B-O and
B-O-N bonds.[**¢] Unfortunately, although the B-O-N bonds
are the most stable according to the first-principles DFT calcula-
tion, they are not easy to work as nucleation sites for GaN because
B, O, and N atoms in the B-O-N bond are all in a saturated state.
On the other hand, the O atoms in the N-O bonds are in an un-
saturated state, and they are actually the most possible nucleation
sites for GaN. Then, as shown in Table 2, where the binding ener-
gies are calculated by the first-principles DFT for the binding of
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Ga or N atoms to the N-O bonds and replacement of O atoms in
the N-O bond by Ga or N atoms, respectively. The N-O-N bond
has the largest binding energy about —6 eV, which is much larger
than that of N~O-Ga (—3.5 eV). Therefore, we can conclude that
N atoms would bond with N-O bonds and initiate the growth
of GaN.

Now, we are able to illustrate the nucleation of GaN on h-
BN as shown in Figure 4. During HCI treatment, N-OH and
B—O-N bonds are generated through the help of hydroxide ions,
in which H atoms were then desorbed during the temperature
ramping of substrate in the metal-organic chemical vapor depo-
sition (MOCVD) growth. When the Ga and N atoms are supplied,
N adatoms prefer to bind with N-O bonds and form the N-O-N
bonds. And then, three Ga adatoms bind with each N-O-N bond
and form N-O-N-Ga (3) bond and thus initiate the GaN epi-
taxy. This kind of atomic bond configuration at the interface leads
to the epitaxy of Ga-polarity GaN, which is experimentally con-
firmed after the growth by chemical etching effect (see Figure S4,
Supporting Information). This also indicates that the proposed
atomic configurations at the interface are reasonable.

The improvement of GaN nucleation on h-BN not only en-
hances the surface smoothness of GaN epilayers but also im-
proves their crystalline quality, as shown in Figure 5a,b. The
FWHMs of X-ray diffraction (XRD) w-rocking curve for the sym-
metric (0002) and asymmetric (1012) planes of 3-pm-thick GaN
epilayer decrease from 591 and 841 arcsec to 316 and 543 arc-
sec, respectively. In fact, the GaN film grown on the activated 3-
nm-thick h-BN interlayer exhibits similar crystal quality as those
grown on Al,O, at the same growth condition (see Figure S5a,
Supporting Information). But there is an advantage when using
h-BN interlayer, which is strain relaxation in the GaN layer. Fig-
ure 5¢,d shows the Raman scattering spectra of GaN growth with
and without activated h-BN interlayer. It is shown that strain-
sensitive E, (high) and A, (LO) peaks shift from 570.5 to 569.1
cm™! and from 737.5 to 735.8 cm ™!, respectively, indicating the
relaxation of residual compressive strain in the GaN epilayer.®47]
In fact, the residual compressive strain in the GaN layer can be
further relaxed by increasing the thickness of h-BN interlayer (see
Figure S5b, Supporting Information). However, the crystalline
quality is also degraded with increasing the h-BN thickness un-
fortunately. Anyway, this strain relaxation in the GaN epilayer is

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Schematic diagrams of activation of h-BN and nucleation mechanism of GaN. a) Surface of h-BN. b) Formation of B-O—-N and N-O bonds on
h-BN surface by trapping OH—in HCl solution. c) Desorption of H atoms from activated h-BN surface (i.e., from N-O-H bonds) during the temperature
ramping of substrate. d) Generation of N-O-N bonds on N-O bonds by trapping N atoms. ) Formation of N-O—-N-Ga (3) structures by binding three
Ga atoms on every N-O-N, indicating the start of Ga-polarity GaN epitaxy.
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Figure 5. FWHMs of a) (0002)- and b) (1072)-plane XRD w-rocking curves for 3-pm-thick GaN films grown on untreated h-BN/Al,O; and activated h-
BN/Al,O5 substrates. Raman shifts of the c) E, (high) and d) A; (LO) modes of GaN in 3-pym-thick GaN films grown on Al, O3 and activated h-BN/Al, O
substrates. The thickness of h-BN interlayer is about 3 nm.
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Figure 6. XRD 20-w scans of symmetric (0002) plane for InGaN-based LEDs grown on a) activated h-BN/Al,O; and b) Al,Oj, respectively. RSM scans
of the asymmetric (1015) reflection for InGaN-based LEDs grown on c) activated h-BN/Al, O3 and d) Al, O3, respectively. The dashed lines show that
InGaN/GaN MQWs coherently grow on n-GaN layer. EL spectra of these InGaN-based LEDs grown on e) activated h-BN/Al,O; and f) Al,O5 at different

current densities. The insets show the EL images of these LEDs at the injection current density of 40 mA-mm

definitely helpful to improve the emission of following InGaN
quantum wells toward longer wavelength.

Finally, LEDs based on InGaN/GaN MQW:s were grown on as-
fabricated undoped GaN/h-BN/Al, O, templates, where the thick-
ness of activated h-BN and undoped GaN were 3 nm and 3 ym,
respectively. For comparison, the LEDs on Al,O, were grown in
one run. Figure 6a,b exhibits XRD 20-w scans for those LED
structures, where intense diffraction peaks from GaN epilayer
and satellite peaks from the InGaN/GaN MQWs up to the fourth
order are observed in both cases, indicating excellent quality and
sharp interfaces of the InGaN/GaN MQWs. It is noted that the fit-
ted In composition in the InGaN quantum wells increases from
25% to 28% after using the activated h-BN interlayer. The AIGaN
diffraction peaks come from the electron blocking layer (EBL) in
the LED structure. To evaluate the relationship of In composition
and strain distribution in InGaN/GaN MQWs, the X-ray recipro-
cal space mapping (RSM) scans of the (1015) asymmetric reflec-
tion are measured, as depicted in Figure 6¢,d. The satellite peaks
from MQWs vertically line up with the GaN diffraction maximum
along Q,, demonstrating that the InGaN/GaN MQWs are coher-
ently grown on the bottom n-type GaN layer. As shown by the
peak position relative to Q,, the n-GaN layer grown on the h-BN
template has a larger in-plane lattice constant than that grown on
Al,O,, indicating a smaller in-plane compressive strain in the n-
GaN layer and InGaN/GaN MQWs region. This result indicates
that the biaxial compressive strain within the basal plane in GaN
is partially released by using h-BN interlayer, which could lead to
high incorporation efficiency of indium during the growth of In-
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GaN/GaN MQWs. Figure 6e,f demonstrates electroluminescence
(EL) spectra for the LEDs with and without using the activated
h-BN interlayer. The LED grown on the 3-nm-thick h-BN inter-
layer shows a pure green emission with a center wavelength at
~ 556 nm at typical injection current density of 40 mA-mm™2,
which is ~ 26 nm redshift in comparison with that on Al O;. Itis
known that the relaxed compressive strain suppresses the QCSE
in InGaN/GaN MQWs, leading to the slight blueshift of emis-
sion wavelength and stronger electron-hole wave function over-
laps and improved radiative recombination rate.[**#1 According
to the estimation of the degree of compressive stress relaxation
of green LED, the redshift for ~ 1.1 cm™ of the E, (high) peak be-
longing to GaN film below MQWs region will lead to the blueshift
of emission wavelength of about 2 nm.%! However, the blueshift
is compensated since strain relaxation is beneficial to the In in-
corporation in the InGaN wells and it leads to an emission peak
redshift of ~26 nm. The slight broadening of the linewidth is
likely caused by In alloy fluctuations in In-richer InGaN wells.
By the way, a slight blueshift of emission and spectrum broaden-
ing are observed in both LEDs with increasing the injection cur-
rent density, which is most likely induced by the combined effect
of the free-carrier screening of piezoelectric fields and the band
filling effect. We also investigated temperature-dependent photo-
luminescence (PL) spectra of both LED structures (see Figure S6,
Supporting Information). It shows that the insertion of the h-BN
interlayer not only keeps the emission intensity but also tunes
the emission toward a longer wavelength, as what we observed
in the EL spectra. Notably, the internal quantum efficiency (IQE)

© 2020 The Authors. Published by Wiley-VCH GmbH
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of green LED structure on activated h-BN/AlL, O, is ~23% (~556
nm) that is close to ~25% (~530 nm) for the one on Al,O;. Nor-
mally, with the increase of emission wavelength, InGaN-based
LEDs suffer from a systematic drop in efficiency, known as the
green gap in I1I-nitrides.>5?] Therefore, it is reasonable to be-
lieve that the application of h-BN interlayer provides a promising
approach to partially break through the green gap in III-nitrides,
i.e., the epitaxial bottleneck of high In content nitrides, by com-
mercial MOCVD technique.

Epitaxy of single-crystalline GaN films is performed on h-
BN/Al, O, substrates. The chemical activation of h-BN provides
B-O-N and N-O bonds, where the latter ones act as effective
artificial dangling bonds for GaN nucleation, resulting in suc-
cessful epitaxy of Ga-polarity GaN. The h-BN interlayer modi-
fies the residual compressive strain in GaN film and thus im-
proves indium incorporation during the following growth of In-
GaN quantum wells, leading to the achievement of pure green
light-emitting diodes. This work provides an effective way for III-
nitrides epitaxy on h-BN and a possible route to overcome the epi-
taxy bottleneck of high indium composition InGaN-based light-
emitting devices.

Experimental Section

Fabrication of Crystalline h-BN:  The 2-in. (0001) Al,O; substrates were
transferred into a plasma-assisted molecular beam epitaxy (PA-MBE)
chamber and then thermally cleaned for 30 min at 900 °C. Subsequently,
the BN was deposited on the entire surface of the Al,O; at 900 °C with
a growth rate of 0.2 nm-min~'. Through high temperature annealing at
1700 °C in N, ambient for 2 h, the quality of that BN are much improved
(see Figure S1, Supporting Information). That crystalline h-BN was then
used as a template for GaN epitaxy.

Chemical Activation of Crystalline h-BN: The h-BN/Al,O5 substrates
were put in acetone, ethanol, and deionized water solution (30 mL) for 3
min to clean successively. Then, these h-BN/Al, O; substrates were dipped
into hydrochloric acid solution for 10 min for activation treatment. Finally,
the treated samples were rinsed by deionized water and dried with flowing
nitrogen.

Epitaxial Growth of GaN Films and InGaN-Based LEDs:  GaN films were
grown on the activated h-BN/Al, O3 templates by an AIXTRON 3 x 2 in. FT
MOCVD system. H, was used as the carrier gas. Prior to the deposition,
the substrates were thermally cleaned in H, ambient at 1100 °C for 5 min.
The growth began with a low temperature GaN (LT-GaN) nucleation layer
deposited at 530 °C. Then, the growth temperature ramped up to 1050 °C
for the growth of the high temperature GaN (HT-GaN) layer. The InGaN-
based multiple quantum wells (MQWs) LED structures were then grown
on GaN/h-BN/Al,O3. The thickness of h-BN and GaN were 3 nm and 3
pm, respectively. The LED structure consisted of a Si-doped GaN layer
(1.5 pm), five periods of InGaN/GaN MQWs, a Mg-doped AlGaN EBL (20
nm), a Mg-doped GaN layer (200 nm), and a heavy Mg-doped cap layer
(10 nm). The Si-doped GaN layer was grown at 1050 °C with an electron
concentration of about 3 x 10" cm~3. Subsequently, InGaN/GaN MQW's
were grown at 712 °C/840 °C with 2.5 nm InGaN quantum well (QW) layers
and 15 nm GaN quantum barrier (QB) layers. Both QW and QB layers were
unintentionally doped. The Mg-doped Aly ;Gag ;N EBL ([Mg] ~ 3.7 x 10%°
cm™3) was deposited at 950 °C. At last, the Mg-doped GaN ([Mg] ~ 5.0 x
1020 cm~3) and heavy Mg-doped cap layer ([Mg] ~ 1.0 X 102" cm~3) were
grown at 940 °C. For comparison, the same LED structure was also grown
on Al,05. The LEDs on Al,O; and activated h-BN/Al,O; were grown in
one run.

Characterization: XRD measurement was performed by X'Pert3 MRD
system using Cu Kay X-ray source. Surface morphology was measured
by atomic force microscopy (AFM) in tapping mode (Bruker Dimension
ICON-PT) and scanning electron microscopy (SEM). XPS was performed
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to quantitatively estimate the chemical states of h-BN before and after HCI
treatment. The XPS spectra were measured by an ESCALab 250 Analytical
XPS spectrometer with a monochromatic X-ray source (Al Ka, hv = 1486.6
eV). The binding energies of the spectra were referred to that of the C s
peak at ~284.8 eV. Strain in GaN was characterized by Raman scattering
spectroscopy. The EL spectrum of the GaN-based LEDs was obtained at a
driving current of 70 mA by using the home-made acquisition equipment
at room temperature including a lock-in amplifier system and photomul-
tiplier tube. The PL spectra of these LED structures were measured by a
PL system which includes a He-Cd laser (325 nm, 30 mW) as an excitation
source, a Jobin Yvon iHR550 spectrometer, a Syncerity charge coupled de-
vice (CCD), and a closed circle helium cryostat.

Simulation: DFT calculations were implemented by the Vienna ab
initio Simulation Package (VASP) code. The projector augmented wave
(PAW) pseudopotentials were used for electron—ion interaction. The
generalized gradient approximation (GGA) was used to the exchange-
correlation functional as proposed by Perdew-Burke—Ernzerhof (PBE).
The energy cutoff for plane wave expansion is 520 eV. In the calculation,
(5 x5 % 1) Monkhorst—Pack k-points were used and spin polarization was
considered. This monolayer h-BN unit cell model contained a 20 A vac-
uum layer along the c-direction. The lattice parameters of the h-BN unit
cellwerea=b=2513 A a = f=90° y = 120°. More detailed informa-
tion was provided in calculation part (i.e., Binding energy computation) of
the Supporting Information.

Statistical Analysis: The data were obtained by Nano Measurer 1.2 for
Windows. In order to ensure the repeatability of the nucleation experiment,
different regions were taken to calculate the nucleation density, and sam-
ple size (n) for each statistical analysis was 3. Among the GaN grain den-
sity on activated h-BN/Al,O; is about 69 + 1.6 ym~2, and the density on
untreated h-BN/Al, O is about 24 + 2.1 pm~2.

Supporting Information

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

Acknowledgements

F.L. and Y.. contributed equally to this work. This work was
partly supported by the National Key R&D Program of China (No.
2017YFE0100300), Beijing Outstanding Young Scientist Program
(No. BJJWZYJH0120191000103), the Science Challenge Project (No.
TZ2016003), and the National Natural Science Foundation of China (Nos.
61734001, 61527004, 61674010, 61674068, and 11874171).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

2D materials, lll-nitrides, growth mechanisms, hexagonal boron nitride,
light-emitting diodes

Received: March 13, 2020
Revised: August 3, 2020
Published online: September 27, 2020

[1] K.Chung, C. H. Lee, G. C.Yi, Science 2010, 330, 655.
[2] C.H. Lee, Y. ). Kim, Y. ). Hong, S. R. Jeon, S. Bae, B. H. Hong, G. C.
Yi, Adv. Mater. 2011, 23, 4614.

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(3]

(4]

[5

[6

(7]

(8]

9]

(1]

!

(2]

[13]
(14]

(15]
[16]

[17]
(18]

[19]

(20]

[21]

[22]

(23]

(24]

[25]

Adv. Sci. 2020, 7, 2000917

H. Yoo, K. Chung, Y. S. Choi, C. S. Kang, K. H. Oh, M. Kim, G. C. Yi,
Adv. Mater. 2012, 24, 515.

P. Gupta, A. A. Rahman, N. Hatui, ). B. Parmar, B. A. Chalke, R. D. Ba-
pat, S. C. Purandare, M. M. Deshmukh, A. Bhattacharya, Appl. Phys.
Lett. 2013, 703, 181108.

D. A. Laleyan, S. Zhao, S. Y. Woo, H. N. Tran, H. B. Le, T. Szkopek, H.
Guo, G. A. Botton, Z. Mi, Nano Lett. 2017, 17, 3738.

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

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.

Y. Qi, Y. Wang, Z. Pang, Z. Dou, T. Wei, P. Gao, S. Zhang, X. Xu, Z.
Chang, B. Deng, S. Chen, Z. Chen, H. Ci, R. Wang, F. Zhao, |. Yan, X.
Yi, K. Liu, H. Peng, Z. Liu, L. Tong, ). Zhang, Y. Wei, . Li, Z. Liu, J. Am.
Chem. Soc. 2018, 140, 11935.

S. S. Pasayat, C. Gupta, M. S. Wong, Y. Wang, S. Nakamura, S. P.
Denbaars, S. Keller, U. K. Mishra, Appl. Phys. Lett. 2020, 176, 111101.
F. Liu, Z. Zhang, X. Rong, Y. Yu, T. Wang, B. Sheng, . Wei, S. Zhou,
X. Yang, F. Xu, Z. Qin, Y. Zhang, K. Liu, B. Shen, X. Wang, Adv. Funct.
Mater. 2020, 30, 2001283.

H. Hu, S. Zhou, H. Wan, X. Liu, N. Li, H. Xu, Sci. Rep. 2019, 9, 3447.
S. Zhou, X. Liu, H. Yan, Y. Gao, H. Xu, J. Zhao, Z. Quan, C. Gui, S.
Liu, Sci. Rep. 2018, 8, 11053.

S. Zhou, X. Liu, Phys. Status Solidi A 2017, 214, 1600782.

T. Ayari, S. Sundaram, X. Li, Y. E. Gmili, P. L. Voss, J. P. Salvestrini, A.
Ougazzaden, Appl. Phys. Lett. 2016, 108, 171106.

H. X. Jiang, J. Y. Lin, Semicond. Sci. Technol. 2014, 29, 084003.

Q. Wu, ). Yan, L. Zhang, X. Chen, T. Wei, Y. Li, Z. Liu, X. Wei, Y. Zhang,
J. Wang, ). Li, CrystEngComm 2017, 19, 5849.

M. Hiroki, K. Kumakura, Y. Kobayashi, T. Akasaka, T. Makimoto, H.
Yamamoto, Appl. Phys. Lett. 2014, 105, 193509.

J. Yu, L. Wang, Z. Hao, Y. Luo, C. Sun, J. Wang, Y. Han, B. Xiong, H.
Li, Adv. Mater. 2020, 32, 1903407.

Y. Alaskar, S. Arafin, D. Wickramaratne, M. A. Zurbuchen, L. He, ).
McKay, Q. Lin, M. S. Goorsky, R. K. Lake, K. L. Wang, Adv. Funct.
Mater. 2014, 24, 6629.

V. Kumaresan, L. Largeau, A. Madouri, F. Glas, H. Zhang, F. Oehler,
A. Cavanna, A. Babichev, L. Travers, N. Gogneau, M. Tchernycheva, ).
C. Harmand, Nano Lett. 2016, 16, 4895.

L. Wang, X. Xu, L. Zhang, R. Qiao, M. Wu, Z. Wang, S. Zhang, |. Liang,
Z. Zhang, Z. Zhang, W. Chen, X. Xie, . Zong, Y. Shan, Y. Guo, M.
Willinger, H. Wu, Q. Li, W. Wang, P. Gao, S. Wu, Y. Zhang, Y. Jiang, D.
Yu, E. Wang, X. Bai, Z. |. Wang, F. Ding, K. Liu, Nature 2019, 570, 91.
A. V. Kuchuk, P. M. Lytvyn, C. Li, H. V. Stanchu, Y. |. Mazur, M. E. Ware,
M. Benamara, R. Ratajczak, V. Dorogan, V. P. Kladko, A. E. Belyaev,
G. G. Salamo, ACS Appl. Mater. Interfaces 2015, 7, 23320.

S. Fernadndez-Garrido, M. Ramsteiner, G. Gao, L. A. Galves, B.
Sharma, P. Corfdir, G. Calabrese, Z. S. Schiaber, C. Pfiiller, A. Tram-
pert, J. M. J. Lopes, O. Brandt, L. Geelhaar, Nano Lett. 2017, 17, 5213.
X. Xu, Z. Zhang, ). Dong, D. Yi, J. Niu, M. Wu, L. Lin, R. Yin, M. Li, J.
Zhou, S. Wang, ). Sun, X. Duan, P. Gao, Y. Jiang, X. Wu, H. Peng, R. S.
Ruoff, Z. Liu, D. Yu, E. Wang, F. Ding, K. Liu, Sci. Bull. 2017, 62, 1074.
Y. Lu, Z. Wu, W. Xu, S. Lin, Nanotechnology 2016, 27, 48LT03.

(26]
[27]

(28]

(29]

(3]

(31]

(32

33]
(34]
35]
(36]
(37]
(38]

(39]

[40]

[41]
(42]

(43]
(44]
45]

(46]

[47]
48]

[49]
(50]
(51

[52]

2000917 (8 of 8)

www.advancedscience.com

X. Wang, Z. Wang, W. Tian, Y. Han, N. Yao, Appl. Phys. Express 2019,
12,015505.

K. Chung, S. I. Park, H. Baek, J. S. Chung, G. C. Yi, NPG Asia Mater.
2012, 4, e24.

S.J. Chae, Y. H. Kim, T. H. Seo, D. L. Duong, S. M. Lee, M. H. Park,
E. S. Kim, J. ). Bae, S. Y. Lee, H. Jeong, E. K. Suh, C. W. Yang, M. S.
Jeong, Y. H. Lee, RSC Adbv. 2015, 5, 1343.

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

Q. Wu, Y. Guo, S. Sundaram, ). Yan, L. Zhang, T. Wei, X. Wei, J. Wang,
A. Ougazzaden, ). Li, Appl. Phys. Express 2019, 12, 015505.

Z. Chen, X. Zhang, Z. Dou, T. Wei, Z. Liu, Y. Qi, H. Ci, Y. Wang, Y. Li,
H. Chang, ). Yan, S. Yang, Y. Zhang, ). Wang, P. Gao, ). Li, Z. Liu, Adv.
Mater. 2018, 30, 1801608.

Z. Chen, Z. Liu, T. Wei, S. Yang, Z. Dou, Y. Wang, H. Ci, H. Chang, Y.
Qi, J. Yan, J. Wang, Y. Zhang, P. Gao, . Li, Z. Liu, Adv. Mater. 2019, 31,
1807345.

H. Baek, C. H. Lee, K. Chung, G. C.Yi, Nano Lett. 2013, 13, 2782.

H. Amano, Rev. Mod. Phys. 2015, 87, 1133.

S. Nakamura, Rev. Mod. Phys. 2015, 87, 1139.

A.Ismach, H. Chou, P. Mende, A. Dolocan, R. Addou, S. Aloni, R. Wal-
lace, R. Feenstra, R. S. Ruoff, L. Colombo, 2D Mater. 2017, 4,025117.
W. Luo, Y. Wang, E. Hitz, Y. Lin, B. Yang, L. Hu, Adv. Funct. Mater.
2017, 27, 1701450.

M. Liu, Y. Xu, Y. Wang, X. Chen, X. Ji, F. Niu, Z. Song, J. Liu, Adv. Opt.
Mater. 2017, 5, 1600661.

H. Henck, D. Pierucci, G. Fugallo, J. Avila, G. Cassabois, Y. J. Dappe,
M. G. Silly, C. Chen, B. Gil, M. Gatti, F. Sottile, F. Sirotti, M. C. Asensio,
A. Ouerghi, Phys. Rev. B 2017, 95, 085410.

Y. Zhao, X. Wu, ). Yang, X. C. Zeng, Phys. Chem. Chem. Phys. 2012, 14,
5545.

C. Huo, Z. Yan, X. Song, H. Zeng, Sci. Bull. 2015, 60, 1994.

G. R. Bhimanapati, D. Kozuch, J. A. Robinson, Nanoscale 2014, 6,
11671.

Z.Cui, A. ). Oyer, A. ). Glover, H. C. Schniepp, D. H. Adamson, Small
2014, 10, 2352.

F. Xiao, S. Naficy, G. Casillas, M. H. Khan, T. Katkus, L. Jiang, H. Liu,
H. Li, Z. Huang, Adv. Mater. 2015, 27, 7196.

Z. Song, Z. Li, H. Wang, X. Bai, W. Wang, H. Du, S. Liu, C. Wang, .
Han, Y. Yang, Z. Liu, ). Lu, Z. Fang, ). Yang, Nano Lett. 2017, 17,2079.
S. Radhakrishnan, D. Das, A. Samanta, C. A. Reyes, L. Deng, L. B.
Alemany, T. K. Weldeghiorghis, V. N. Khabashesku, V. Kochat, Z. Jin,
P. M. Sudeep, A. A. Marti, C. W. Chu, A. Roy, C. S. Tiwary, A. K. Singh,
P. M. Ajayan, Sci. Adv. 2017, 3, e1700842.

B. Zhang, Y. Liu, Chin. Sci. Bull. 2014, 59, 1251.

X. Huang, C. Jiang, C. Du, L. Jing, M. Liu, W. Hu, Z. L. Wang, ACS
Nano 2016, 10, 11420.

W. Z. Tawfik, G. Y. Hyeon, ). K. Lee, J. Appl. Phys. 2014, 116, 164503.

S. C. Tsai, C. H. Lu, C. P. Liu, Nano Energy 2016, 28, 373.

M. A. Maur, A. Pecchia, G. Penazzi, W. Rodrigues, A. D. Carlo, Phys.
Rev. Lett. 2016, 116, 027401.

J. Wang, L. Wang, L. Wang, Z. Hao, Y. Luo, A. Dempewolf, M. Miiller,
F. Bertram, J. Christen, J. Appl. Phys. 2012, 112, 023107.

© 2020 The Authors. Published by Wiley-VCH GmbH



