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years due to its high thermal conductivity
The direct coating of 2D hexagonal boron nitride (h-BN) on insulating solid (2000 W m™ K1) large mechanical

glass will endow glass with advanced properties, thus offering killer applica- strength (Young’s modulus = 11-16 TP%),[3]
tions of the new type hybrid of h-BN glass. However, daunting challenges still superior optical transparency,!) chemical

. . . . stability (up to 1100 °C),™ and atomi-
remain regarding the direct growth methodology of h-BN on glass. Herein, a

. - . . . cally flat surface.’! Numerous applica-
catalyst-free chemical vapor deposition route for the direct synthesis of 5 in. tions have been developed accordingly,

uniform h-BN thin films on functional quartz and sapphire glass is devel- such as farultraviolet light-emitting
oped. The optical transparency, surface wetting, and thermal conductivity devices,!! oxidation-resistant coatings,*S!
of glass are readily tailored by varying the deposited h-BN thicknesses from transparent  electronics,’) thermal  con-

ductive systems,®°] etc. Particularly, the
integration of graphene with h-BN (as
dielectric substrates) has simulated wide-

monolayer to over 20 layers. Encouragingly, the as-obtained h-BN/sapphire
glass can serve as a stress-releasing substrate for the van-der-Waals epitaxial

growth of AIN functional layers, as well as a thermal conductive template for spread research interests in constructing
constructing high-performance deep-ultraviolet light-emitting diodes. This high-performance  field-effect transis-
work hereby provides a brand new direction for the application of h-BN glass tors('%!!and  exploring fundamental

issues in condensed matter physics.[1213]
Chemical vapor deposition (CVD) has
been widely adopted for the direct syn-
Hexagonal boron nitride (h-BN) is a III-V compound pos- thesis of monolayer or thin-layer h-BN films, mainly on various
sessing a similar honeycomb lattice structure to graphene, metal substrates (e.g., Cu,!'* Ni, 1 Pt,1% Fe,BB] Cu-Ni alloys!')).
but with a considerable bandgap energy (=5.8 eV).l Such a  However, most of the applications for such CVD-derived h-BN
graphene analogue has drawn intensive attentions in recent layers are inevitably involved with a tedious transfer process

in next-generation solid-state lighting devices.
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from growth substrates to target (mostly insulating) substrates.
This multistep transfer would normally degrade the quality of
h-BN layers because of the formation of tears, folds, wrinkles,
and the adsorption of polymeric impurities.'8 More signifi-
cantly, the metals consumption and environmental pollution is
always accompanied.[!’)

To further extend the practicability of h-BN, combining 2D
h-BN with some functional substrates is highly desired. Various
types of glass (i.e., quartz, sapphire, soda-lime glass) have been
developed as templates for the direct CVD synthesis of gra-
phene, affording a novel hybrid material of graphene glass with
intriguing applications, such as transparent electrodes, smart
windows, low-cost heating devices.2>22l Notably, the direct
CVD synthetic route is also applicable to the growth of h-BN
on insulating glass substrates. As reported previously, although
lack of metal catalysts, h-BN still nucleated at the oxygen dan-
gling bonds of quartz or SiO, surfaces,?3l and can be epitaxially
grown on sapphire substrates.24-26]

The direct coating of h-BN on large-scale quartz or sap-
phire glass is promising for the direct fabrication of all-
transparent optoelectronic devices, such as III-nitride-based
(e.g., GaN, AlGaN, InGaN) light-emitting diodes (LEDs).l?”28]
In general, Ill-nitride-based films were grown on sapphire
substrates, which would cause mediocre device performances
due to the poor thermal conductivity of sapphire and the severe
interface stress built from the large lattice mismatch of adlayer/
sapphire.?®! The accumulated stress within the IIl-nitride
epilayers usually deteriorates the crystalline quality of the
epilayers, and brings huge challenges during the device fabrica-
tion process. Encouragingly, h-BN possesses the similar hon-
eycomb structure and atomic flat surface, making it a perfect
buffer layer for the heteroepitaxy of nitride semiconductors.

28 b h-BNiquartz

h-BN film

20 pm
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This template is also reliable for overcoming the thermal issues
under high driving currents in LEDs, which is similar to the
case of embedded graphene oxide in a GaN-based LED with
improved device performances and good durability.?” More-
over, the weak van-der-Waals (vdW) interaction between the
adlayer and h-BN could enable the mechanical transfer of LED
devices onto foreign substrates.[?”30)

In the present work, we have accomplished the direct CVD
growth of h-BN thin films on functional quartz and sapphire
glass, by using an optimized low-pressure (LP) CVD route.
5 in. uniform, thickness tunable, high-quality h-BN films have
been achieved directly on glass, offering a new type of hybrid
material of h-BN glass. Intriguingly, the as-obtained h-BN glass
exhibited excellent optical transparency, ultraflat surface, good
thermal conductivity, etc. The new type hybrid material of h-BN
on sapphire glass was also utilized as a perfect candidate for
the direct epitaxial growth of IIl-nitride semiconducting films,
for the fabrication of high-performance deep-ultraviolet (DUV)
LED devices.

Figure 1a illustrates the schematic diagram of the LPCVD
growth process for achieving h-BN thin films on a solid
glass surface. Herein, representative types of solid glass (i.e.,
quartz and sapphire) were selected as growth substrates, con-
sidering their high melting points and relatively flat surfaces
(Figure S1, Supporting Information). Typically, the h-BN
growth was performed with the substrate held at 1100 °C in
a three-zone furnace, by using vaporized ammonia boron
(NH3;BH3) as precursor. Systematic parameter investigations
have revealed that, the evaporation temperature of the solid
NH;3;BH; precursor (Tp) and the growth time () were the key
parameters for h-BN growth (with more details described in the
Experimental Section).
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Figure 1. LPCVD growth of large-area uniform h-BN films on quartz and sapphire glass. a) Schematic diagram of the initial CVD growth process.
b) Photograph of a 4 in. x 3 in. uniform h-BN film grown on quartz glass showing a rather high transparency with regard to the underneath picture.
c) Photograph of a 2 in. uniform h-BN film synthesized on a sapphire wafer. d) Corresponding Raman (upper panel) and SHG (lower panel) spectra of
the as-achieved h-BN film on quartz glass revealing its relative high crystal quality. e) Typical OM image of the transferred h-BN film on SiO,/Si. f) AFM
image of the transferred film showing a thickness of =5 nm and a roughness of =0.11 nm, respectively. g,h) Low-magnification and atomic-resolution
TEM images of a transferred h-BN film on the TEM Cu grid. The growth conditions of the samples (evaporation temperature of BH;-NH; precursor
(T,) and growth time (t)): (b, ¢, d, e, f) T,=85°C,t=1h; (g, h) T,=80°C, t =1 h with the substrates held at 1100 °C under Ar and H, carrier gases.
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After LPCVD growth processes, the quartz glass (5 in. for
the diagonal length) and sapphire wafer (2 in. in diameter)
demonstrate highly uniform, transparent features over the
whole samples, as presented by the photographs in Figure 1b,c,
respectively. The direct coating of h-BN layers on both types of
glass was confirmed by Raman spectroscopic characterizations,
presenting a typical E,, phonon mode centered at 1374 cm™
(upper panel in Figure 1d). Besides, second-harmonic gen-
eration (SHG) at 410 nm was also acquired (lower panel in
Figure 1d) under a pulse laser excitation (820 nm, 100 fs) to
serve as an additional evidence for the successful formation of
h-BN, due to the broken inversion symmetry of h-BN with an
odd layer thickness.*!!

The formation of uniform h-BN films was further justi-
fied by a sample transfer process onto the SiO,/Si substrate
or the Cu grid for further characterizations, where the quartz
substrates were etched away with the dilute HF aqueous solu-
tion (sapphire was etched away with the hot NaOH aqueous
solution). In the optical microscope (OM) image of the trans-
ferred sample, a highly uniform color contrast was notice-
able to address the relative high thickness uniformity of h-BN
(Figure 1le). Corresponding atomic force microscope (AFM)
image in Figure 1f demonstrates a film thickness of =5 nm, as
well as an atomically flat surface (Ra = 0.11 nm) with regards
to the SiO,/Si substrate. More AFM images of h-BN films with
different thicknesses are displayed in Figure S2 (Supporting
Information).

a Na I I I

h-BN transferred onto SiO,

N/A | Il 1}

Bi-layer h-BN
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To attain a detailed structural inspection of the h-BN film,
aberration-corrected, high-resolution transmittance electronic
microscope (HRTEM) characterizations were employed on
thin-layer h-BN sample. The low-magnified TEM view in
Figure 1g indicates the existence of a highly continuous h-BN
film on the TEM grid. Corresponding high-magnified TEM
image (Figure 1f) reveals a honeycomb structure with an inter-
atomic distance of =0.25 nm, in good agreement with that of
bulk h-BN.I1 Moreover, X-ray photoelectron spectroscopy
(XPS) (Figure S3, Supporting Information) data of the as-grown
sample show highly symmetric B 1s and N 1s peaks at 190.8
and 398.4 eV, respectively, indeed suggesting the sp-hybridized
feature.” According to the abovementioned results, it can be
inferred that, highly uniform h-BN films can be successfully
synthesized on solid glass by using a metal-free LPCVD route.
The sample size can be scalable up to 5 in., which is only lim-
ited by the size of the CVD furnace.

It is reasonable to find that, the thicknesses of the h-BN
films can be comprehensively tailored by varying the pre-
cursor feeding rate. Figure 2a shows photographs of bare
quartz glass substrates (leftmost, as reference) and the h-BN/
quartz glass samples grown by exposing the substrates to dif-
ferent T, (75, 80, and 85 °C, respectively) heated BH;-NH;
precursors for 1 h (the other three samples). Notably, after the
LPCVD growth process, the quartz glass templates present
almost the same color contrast with that of pure quartz, highly
indicative of the visible light transparent feature of the h-BN

Figure 2. TEM characterizations of thickness tunable h-BN films. a) Photographs of the h-BN/quartz samples, marked from | to I1l achieved through
exposing substrates to 75, 80, and 85 °C heated BH3-NHj precursor for 1 h, respectively. The h-BN glass samples present almost the same color con-
trast with that of bare quartz, while the corresponding contrasts of the transferred h-BN on SiO,/Si varies from nearly invisible (1), blue (I1) to turquoise
(1), correspondingly. b) TEM sectional views of the h-BN films obtained from samples I, II, Il1, revealing average film thicknesses of =2, =6, and over
10 layers, respectively. c¢) Representative HRTEM image showing mixed mono- and bilayer h-BN regions for sample 1. d,e) HRTEM images of bilayer
h-BN films showing the dominant A-A stacking registry and the twisted stacking geometry with the formation of moiré pattern, respectively. f) SAED
pattern revealing a polycrystalline nature of the h-BN film.
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films. The h-BN thicknesses were estimated to be variable from
monolayer to =20 layers, as evidenced by their distinct optical
contrasts after being transferred onto SiO,/Si substrates (lower
panel in Figure 2a). Specifically, thin-layer h-BN (sample I)
were obtained with T, setting at 75 °C, as defined by its iden-
tical purple contrast with the bare SiO,/Si. Multilayer h-BN
films were attained by varying T, from 80 to 85 °C, respectively,
showing obvious contrast changes from blue (sample II) to tur-
quoise (sample III). The detailed layer thicknesses were further
probed with the aid of HRTEM sectional views. Three repre-
sentative thicknesses of 2, 6, and over 10 layers are presented in
Figure 2b, in line with sample [, II, and III, respectively.

Moreover, for the h-BN films grown on sapphire, a pre-
dominant epitaxial growth mode was observed with the h-BN
domains showing a uniform orientation, which is different
from the random orientations of h-BN films grown on quartz
(as shown in Figure S4, Supporting Information). The HRTEM
image in Figure 2c reveals the perfect atomic lattices of thin-
layer h-BN with a mixed mono- and bilayer region (marked
with yellow circle). The lattice orientation in each region is
almost identical, affording an A-A stacking geometry in the
bilayer region (Figure 2c). Some triangle shape breakages or
blank holes, induced by the e-beam irradiation, also appear in
the bilayer regions, which allow us to confirm the bilayer nature
of the h-BN film (Figure 2d). On the other hand, twisted bilayer
h-BN region with a moiré period of =0.613 nm is also observed
with a 23.5° rotational angle, in consistent with the fast Fourier
transform (FFT) pattern (Figure S5, Supporting Information).
To better understand its stacking registry, a statistical analysis
of the relative rotation angles of h-BN films (derived from 75
domains) is displayed in Figure S6 (Supporting Information),
presenting a dominant A-A stacking geometry in the CVD-
derived h-BN films.
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The crystalline quality of the as-obtained h-BN films was
further confirmed by selected-area electron diffraction (SAED)
patterns, showing several sets of sixfold-symmetric spots
(Figure 2f). The average domain size of the as-achieved h-BN
film is in the range from several tens of nanometers to several
hundred nanometers (determined by dark-field TEM character-
izations, as shown in Figure S7, Supporting Information), com-
parable with that of directly synthesized graphene on insulating
substrates.22! These characterizations again verify that highly
uniform, thickness tunable, high-quality h-BN films can be suc-
cessfully synthesized on high melting point glass following a
metal-catalyst-free growth mechanism.

The optical performances of h-BN glass were systemati-
cally studied through direct comparisons of h-BN/quartz and
graphene/quartz glass samples with comparable thicknesses
(Figure 3a, with bare quartz serving as a reference). Evidently,
the h-BN glass exhibits good transparency even with =20 layer
h-BN coating (leftmost, marked with red box), which is mark-
edly distinguished from the opaqueness displayed for graphene
glass. This optical performance disparity is essentially deter-
mined by the different energy band structures of h-BN and gra-
phene. The ultraviolet-visible (UV-vis) absorption spectrum of
monolayer h-BN clearly shows one absorption edge at =200 nm
(inset of Figure 3b), corresponding to an optical bandgap of
=5.8 eV derived by the Tauc’s equation (Figure 3b). Additional
UV-vis absorption measurements of thin-layer h-BN samples
were also performed (Figure S8, Supporting Information),
implying similar band structures. Accordingly, the visible light
absorption in h-BN glass is almost negligible due to its large
bandgap.

For more details, the optical transmittances at 550 nm (Tss)
were measured to be =99% for monolayer, =96% for 6-10
layers, and =90% for over 20 layers h-BN films (Figure 3c),

a C 100l e 97%
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Figure 3. Excellent optical performances of h-BN glass. a) Photograph of h-BN/quartz and graphene/quartz samples with thicknesses of 1-2 layers
(blue box), 6-10 layers (green box), and over 20 layers (red box), respectively. b) UV-vis absorbance spectrum (inset) and Tauc plot showing an optical
bandgap of =5.8 eV for monolayer h-BN. c,d) Corresponding transmittance spectra of the h-BN/quartz and graphene/quartz samples marked in (a),
respectively. e) Spatial distribution of the transmittance of h-BN layers @ 550 nm (6-10 layers, Tp = 80 °C, 1 h). d) Spatial distribution of the transmit-

tance of graphene glass @ 550 nm (6-10 layers, 5 vol% CHy, 2 h).
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Figure 4. Surface characteristics of a large-scale uniform h-BN glass. a) Photograph of a 10 cm x 6 cm h-BN/sapphire glass synthesized with T, = 80 °C
for 1 h, displaying good visible light transparency. b) Water contact angle (6) plotted as a function of transmittance at 550 nm (Tss() for various h-BN/
quartz samples (6 =108° for Tsso = 90%; 0 = 99° for Tsso = 92%; 0 = 93° for Tsso = 95%; 6 = 89° for Tsso = 98%; 6 = 72° for Tsso = 99%). The inset
images show the hydrophobic and hydrophilic characteristics of the h-BN glass (left, Tsso = 90%) and bare glass (right), respectively. c) Corresponding
spatial distribution of water contact angle for the h-BN glass (6= 93° for Tss = 95%; inset: statistical distribution of the contact angle). d) Schematic
illustration of the temperature distribution map when applying a hot spot by a focused laser beam. e) Temperature plots and temperature distribution

images of f) h-BN coated quartz and g) pristine quartz, respectively.

respectively. In contrast, the visible light absorption per gra-
phene layer is =2.3%,%% inevitably causing marked transpar-
ency degradation of graphene layers with similar thicknesses
(from =97, 86, to =50% at 550 nm, as shown in Figure 3d).
The large-scale uniformity of the transparencies for the h-BN
glass and graphene glass samples (with identical thickness of
=~6-10 layers) was further mapped out at a 6 cm x 5 cm scale.
Evidently, the h-BN glass displays a uniform transmittance of
~96% at 550 nm (Figure 3e), in stark contrast to the inhomo-
geneous transmittance distribution of graphene glass from
=80.5 to =84.4% at 550 nm (Figure 3f). In this regard, the h-BN
glass with remarkably uniform optical transparency should be
promising for various applications in transparent electronics
and optoelectronics.

In addition to the excellent transparency, the surface fea-
ture of h-BN glass is indeed crucial for engineering its killer
applications. h-BN is known as a hydrophobic and thermal con-
ductive material, complementary to that of traditional glass.l**!
In this work, the surface hydrophobicity of h-BN glass was char-
acterized with a 10 cm x 6 cm h-BN glass sample with =96%
transmittance at 550 nm (Figure 4a). The water dropping test
revealed that, the water droplets can stay still on the h-BN glass,
in sharp contrast to the film-wise formation of water on bare
glass. Static contact angle measurement has shown a clear dis-
parity between h-BN glass (>72°) and bare glass (=20°). More-
over, the contact angle of h-BN glass was increased accordingly
with increasing the layer thickness of h-BN (Figure 4b), varying
from =72° (monolayer h-BN, =99% transmittance at 550 nm)
to =108° (over 20 layers, ~90% transmittance at 550 nm). This
phenomenon is in accordance with the results obtained in
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graphene glass,*?l which is possibly induced by the surface
imperfections of grain boundaries and cracks.

To further address the large-scale uniformity of the hydro-
phobicity, the contact angle mapping was also conducted
(Figure 4c), showing a narrow range of 89°-97°. The contact
angle values were also compared with other reported results
(Figure S9, Supporting Information), and our CVD-grown
h-BN on glass demonstrated competitive hydrophobicity to
other CVD-grown flat h-BN layers. This is possibly due to the
wrinkle-free surface of h-BN directly grown on quartz and sap-
phire glass,?324 as distinguished from the h-BN films grown
on metals with ubiquitous wrinkles that usually introduced ver-
tical dipoles and thus significantly decreased surface hydropho-
bicity.?*** Consequently, the direct coating of h-BN on glass is
effective in tailoring the surface hydrophobicity of glass, which
may be utilized to fabricate self-cleaning glass with an ultrahigh
transparency.

h-BN is known as a perfect heat conductive material with
a theoretical thermal conductivity of =2000 W m™ K11 To
unravel the thermal conducting property of h-BN glass, an
infrared camera was employed to map out the temperature
distribution, where a hot spot was created at the center of the
sample by a focused infrared laser beam (1450 nm). The experi-
mental setup is illustrated in Figure 4d, featured by a fixed laser
power of 850 mW ¢cm™ and a current density of 1.71 A. As for
the bare glass sample, the temperature at the hot spot is =50 °C
and falls down to only =33 °C at the sample edge, due to the lim-
ited heat spreading ability of pure glass (blue line in Figure 4e).
Evidently, the temperature spike is reduced to =48 °C on the
thick layer h-BN/quartz glass owing to the enhanced heat

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spreading effect (red line in Figure 4e). Altogether, the tem-
perature variation within the entire h-BN coated quartz glass is
reduced to =10 °C (Figure 4f), which is much smaller than that
without h-BN coating (=17 °C, Figure 4h). Hereby, the direct
h-BN-coating on glass can substantially improve the thermal
performance of adiabatic glass.

The directly grown, transparent, thermal conductive h-BN/
sapphire glass was specifically served as an ideal substrate for
the van-der-Waals epitaxial growth of AIN, a fundamental mate-
rial for developing high-efficiency AlGaN-based DUV-LEDs.
Such a growth design was inspired by the fact that both AIN
and h-BN are Ill-nitride materials with similar honeycomb
structures. Nevertheless, the nucleation and epitaxial growth of
nitride materials directly on the dangling bond free surface of
h-BN was still quite challenging.* Herein, the as-grown h-BN/
sapphire sample was pretreated by O, plasma (80 W, 3 min) to
facilitate the nucleation of AIN. Subsequently, AIN epilayer with
a thickness of =1.3 um was grown on top of h-BN by virtue of
a two-step metal-organic chemical vapor deposition (MOCVD)
method, with the experimental details described in the Experi-
mental Section. The h-BN layer remained at the interface
after the plasma treatment and AIN growth processes, as evi-
denced by the XPS analysis shown in Figure S10 (Supporting
Information).

The surface morphology and crystalline quality of the
AIN epilayer were then evaluated by various surface or inter-
face sensitive characterization methods. The AFM image in
Figure 5a shows a smooth surface of the epitaxial AIN film
featured by well-defined steps and terraces, reflecting the step-
flow growth mode of AIN materials on h-BN/sapphires.l*®l The
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root-mean-square (RMS) roughness in the 5 X 5 um? area is
only =0.16 nm, corresponding to an atomic level fluctuation.
Furthermore, the cross-sectional HRTEM image in Figure 5b
reveals the relative high crystal quality of the AIN layers, as
well as the interface of the h-BN buffer layer. The @w-scan X-ray
rocking curves (XRCs) of (0002) and (10-12) reflections were
also acquired to evaluate the dislocation density in AIN,?7l as
shown in Figure 5c and Figure S11 (Supporting Informa-
tion). The full width at half maximum (FWHM) values for
the XRCs of AIN films grown on h-BN/sapphire are found
to be 127 and 1099 arcsec for (0002) and (10-12) reflections,
respectively. Accordingly, the screw dislocation density and the
edge dislocation density were calculated to be 3.51 x 107 and
1.45 x 101 cm™2, respectively, which is comparable with those
of directly grown AIN on sapphire by a similar MOCVD route
(=107 and 10'° cm™2, respectively).*8!

It is noted that, through a conventional epitaxial growth
route, compressive stress in AIN is normally unavoidable due
to the large lattice mismatch and thermal expansion coefficient
mismatch between the AIN epilayer and the c-plane sapphire
substrate.*) The stress would degrade the device performance
of DUV-LEDs fabricated on the AIN template, resulting in
severe cracks and electric leakage issues. By employing h-BN/
sapphire as the epitaxial substrate, the direct heteroepitaxial
interface changed into vdW-epitaxial interface, leading to sig-
nificantly reduced strain in the epitaxial AIN. Generally, the
in-plane stress (o,) of AIN can be estimated by the E,(high)
Raman peak by using o, = k!A@[E,(high)] equation, where
A@[E,(high)] is the strain-induced Raman frequency shift for
the E,(high) mode. For the stress-free AIN film, the E,(high)

a c L d : Compressive stress
- (0002) -t
= 3
8 F st
h-BN . 2 2
: g L 2T —— AIN/h-BNisapphire
- - 2 — o
Sapphire = et AlNisapphire
FWHM = 127 arcsec :
) ) i [, Stress-free s
-1000 0 1000 650 660 670 680
Omaga (arcsec) Raman shift (cm™)
g ,-h 20
p-electrode —20mA ; 1 5 I
n-electrode = ~E' )
5 pes {16
s s s
> 3 1.0 o
T = 108
c 3 3
] & >
£ 3 0.5} @ 20mA: 6419V [g
d s 0.292 mW
=3 @115 mA: 1.458 mW
: - : - 0.0 v L . 8
240 280 320 0 50 100 150 20
Wavelength (nm) Current (mA)

Figure 5. Applications of as-grown h-BN glass in DUV-LEDs. a) AFM image of the AIN epilayer grown on h-BN/sapphire, with the corresponding line
profile shown as insets. b) Cross-sectional HRTEM image of the AIN/h-BN/sapphire structures (inset: SAED pattern of epitaxial AIN). c) X-ray rocking
curve from AIN epilayer on-axis (0002), showing an FWHM of 127 arcsec. d) Raman spectra of the E, (high) peaks of AIN/h-BN/sapphire (red line)
and AIN/sapphire (black line), respectively. ) Schematic diagram of the AlGaN-based DUV-LED structure fabricated on h-BN/sapphire. f) Photograph
of the electroluminescence from the DUV-LED wafer before the tape-out process. g) EL spectra of the DUV-LEDs measured by varying the injection
current from 20 to 200 mA with an interval of 20 mA. h) Light output power (red line) and the |-V characteristic curve (blue line) of the DUV-LEDs
plotted as a function of injection current.
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Raman peak should be located at =657.4 cm™ and the Raman
stress factor k is —6.3 cm™ GPa LF04]

In the current synthetic route, the E,(high) Raman peak of AIN
directly synthesized on h-BN is centered at 658 cm™ (Figure 5d),
corresponding to a compressive stress of =0.095 GPa, much
less than that of AIN directly grown on sapphire.*s More-
over, the FWHM value of the E,(high) Raman peak is only
4.37 cm™!, further indicating the relative high crystal quality of
AIN films synthesized on h-BN/sapphire.!l It can be inferred
that, the h-BN buffer layer serves as a perfect stress-releasing
layer for the epitaxial growth of high-quality AIN films.

The AlGaN-based DUV-LEDs structure (schematically shown
in Figure 5e) was accordingly fabricated on the as-grown AIN/h-
BN/sapphire template (see the Experimental Section for more
details). Room-temperature electroluminescence (EL) measure-
ments (Figure 5f) were then carried out on the DUV-LEDs using
the calibrated integrating-sphere system. Figure 5g shows the
EL spectra of the DUV-LED structure with the injected current
(1) varied up to 200 mA with an interval of 20 mA, respectively,
showing characteristics of deep-UV emissions. Moreover, the
peak wavelengths of the EL spectra were slightly redshifted from
281.4 nm (20 mA) to 283.8 nm (200 mA) (Figure S12, Supporting
Information), due to the thermal induced bandgap narrowing of
AlGaN-based multiple quantum well (MQWs) under the high
current injection. The current—voltage (I-V) and current-output
(I-L) characteristics of the as-achieved DUV-LEDs (Figure 5h)
presented a maximal light output power (IOP) of 1.458 mW at
the injection current of 115 mA. Notably, the highly transparent
h-BN film may not affect the light extraction efficiency of DUV-
LEDs, considering its absorption edge at =200 nm. However, the
absorption edge of graphene overlaps with the light emission
wavelength of the DUV-LEDs (=280 nm), which should lead
to decreased light output power of the devices. Altogether, the
DUV-LEDs fabricated on h-BN glass have exhibited desirable
device performances, which is promising for the development
of stress-free, durable LEDs for the next-generation solid-state
lighting. Additionally, the facile release and transfer of the LED
devices onto large-area, flexible substrates with thick h-BN films
are also intriguing, which is an ongoing effort in our lab.

To sum up, we have developed a catalyst-free LPCVD
approach for the direct growth of large-area, high-quality,
thickness-tunable h-BN films on high-temperature-resistant
solid glass. The resultant h-BN glass are featured with fasci-
nating optical transparency, hydrophobic surface, high thermal
conductivity, etc., making it readily applicable as perfect sub-
strates for the epitaxial growth of AIN functional layers. High-
performance AlGaN-based DUV-LED devices were also realized
on h-BN glass, benefited from the much released interfacial
stress built upon the weak vdW interaction of AIN/h-BN, as
well as the perfect thermal conductivity of the h-BN template.
This work hereby sheds light on the scalable production of a
new type hybrid of h-BN glass possessing versatile application
prospects, from daily-life applications, optoelectronic devices to
energy-related applications.

Experimental Section

LPCVD Growth of h-BN Films on Quartz or Sapphire Glass: In a typical
procedure, quartz glass and sapphire glass were thoroughly cleaned with
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deionized water, acetone, and ethanol before being loaded into the quartz
tube inside a three-zone furnace. The CVD system was pumped with a
base pressure of 0.2 Pa and then inflated with 50 sccm H, and 50 sccm
Ar (100 H; and 150 Ar for the case of 3 in. tube furnace) as carrier gases.
The BH3-NHj; precursor was placed in a quartz cell connected to the
CVD growth tube, where a program-controlled heating belt was wrapped
around to aid the sublimation at a precursor evaporation temperature
(T,) range of 75-90 °C. The glass samples were heated to 1100 °C and
exposed to evaporated BH3;-NH; precursors, which decomposed into
borazine, hydrogen, and polyiminoborane. The thicknesses of h-BN
samples were controlled by varying the growth time and evaporation
temperature of BH3-NH; precursors. After growth, the samples were cooled
down to room temperature under H, and Ar flows.

DUV-LED Device Fabrications: The as-grown h-BN/sapphire sample
was treated by O, plasma under 80 W power for 3 min to assist
the nucleation of AIN. The AIN and AlGaN-based DUV-LED structures were
grown on the h-BN/sapphire substrate by MOCVD under a pressure of
50 torr, with hydrogen as carrier gas, ammonia as gaseous supply for N,
trimethylaluminum (TMAI) and trimethylgallium (TMGa) as metal-organic
precursor for Al and Ga. For n-type and p-type doping, silane (SiH,) and
bis(cyclopentadienyl)magnesium (Cp,Mg) were introduced, respectively.
The AIN epilayer was grown with an optimized two-step growth process,
where a low-temperature (LT) AIN layer was first deposited at 860 °C for
5 min, followed with a high-temperature (HT) AIN layer grown at 1200 °C
for 1 h with a V/IlI ratio of 500. Subsequently, an AlGaN-based DUV-LED
structure was grown on the AIN/h-BN/sapphire template, including
20-period AIN/Aly;Gag 3N superlattices (SLs), a 2 um n-Alys5Gag4sN layer,
5-period AlysGag sN/Alg 4Gag N multiple quantum wells (MQWs) and p-type
layers (a 30-nm p-AlysGagsN electron-blocking layer, a 50-nm p-AlGaN
cladding layer, and a 100 nm p-GaN contact layer). The p-type layers were
annealed in the reactor at 800 °C in flowing N, gas for 20 min to activate the
Mg acceptors. The DUV-LED devices with a die size of 500 m x 500 um
were fabricated by standard LED processes of photolithography, inductively
coupled plasma (ICP) etching, e-beam evaporation, etc. 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. At last, the DUV-LED
chips were flip-chip bonded onto ceramic submounts coated with gold for
light-output testing.

Characterizations: Characterizations were performed with scanning
electron microscopy (SEM) (Hitachi S4800), AFM (Veeco Nanoscope llla,
tapping mode), Raman (Horiba, LabRAM HR-800, 514.5 nm, 2.41 eV;
home-built Raman system composed of Princeton SP2500 spectrometer
and Spectra-Physics Mai Tai Laser), TEM (FEI Titan Themis G2, acceleration
voltage 30-300 kV), XPS (Kratos Analytical Axis-Ultra spectrometer using a
monochromatic Al Ka X-ray source), UV-vis spectroscopy (Perkin—Elmer
Lambda 950 spectrophotometer), contact angle system (DataPhysics,
OCA20), IR-camera (FLUKE Ti 10 Infrared Camera), X-ray diffraction (Bede
D1, 40 kV, 36 mA). The EL spectra and LOP of the DUV-LEDs were achieved
by EVERFINE HAAS-2000 high-accuracy array spectroradiometer with a
calibrated integrating sphere. The current-voltage (I-V) characteristics of
the devices were measured by Keithley 2420.

Supporting Information

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