¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

van der Waals epitaxial growth of hexagonal
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The integration of hexagonal boron nitride (h-BN) and graphene, known as a van der Waals
heterostructure (vdWHT), holds significant potential as a fundamental platform for developing innovative
two-dimensional devices such as ultra-thin transistors, capacitors, and photodetectors. However, the
currently employed fabrication methods often involve mechanical assembly, which can introduce
defects and limit scalability. Herein, we demonstrate a scalable approach to grow lattice-matched h-BN
on graphene via metal-organic chemical vapor deposition with a flowrate-modulated epitaxy method.
TEM analysis revealed the successful growth of 7 to 8 layers of h-BN on the substrates. Notably, vdWHT
h-BN/graphene exhibited superior optical and structural properties compared with h-BN/sapphire. This
was evident in the results of UV-Vis and Raman spectroscopies and SEM analysis. Moreover, vdwHT

Received 17th January 2025,
Accepted 17th June 2025

h-BN/graphene demonstrated significantly enhanced DUV sensing performance at 254 nm, with an
excellent on/off ratio exceeding 110 compared with the ratio of 3.8 of h-BN/sapphire. These findings

underscore the importance of lattice matching in optimizing the properties of h-BN-based

DOI: 10.1039/d5ma00044k
heterostructures. The successful fabrication of high-quality vdwHT h-BN/graphene heterostructures
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1. Introduction

Hexagonal boron nitride (h-BN), often referred to as ‘white
graphene’, is a two-dimensional material with a graphene-like
honeycomb structure, featuring tightly bonded sp>-hybridized
BN atoms. Among the BN allotropes, h-BN’s exceptional
mechanical durability, thermal conductivity, and chemical
inertness make it a versatile material for applications in energy
conversion,'™ biomedicine,*® environment,”® photonics and
electronics.”*? In photoelectronics, h-BN’s indirect bandgap of
5.96 eV makes it an ideal candidate for deep ultraviolet (DUV)
photonic device applications, as evident from a series of recent
publications related to h-BN photoelectronic devices.”**™”
Recent studies have explored numerous ways to enhance the
performance of h-BNs in DUV sensing applications; for
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opens a new avenue for the development of advanced DUV sensing devices and other 2D applications.

instance, Heng Liu et al demonstrated a high-performance
DUV photodetector fabricated using a few-layers of h-BN on
SiO,/Si substrates, achieving an on/off ratio exceeding 1000
under an irradiation of 212 nm.'® The modified h-BN also
improved the DUV sensing performance; Wang et al. investi-
gated the effects of carbon doping on h-BN’s DUV sensing
performance, revealing that a 7.5% carbon doping ratio was
optimal for improving the sensitivity.'”

Owing to its similar in-plane lattice constant to graphene, h-
BN is a promising material for vdWHTs. These heterostructures
offer new possibilities for developing innovative 2D devices.'
However, the wafer-scale growth of h-BN remains a significant
challenge owing to the difficulties in controlling uniformity and
thickness at a large scale.”® Among the h-BN synthesis methods,
metal-organic chemical vapor deposition (MOCVD) has been
proposed (Top Engineering, model: Phaethon 100U, asset ID:
NFEC-2013-04-177491, located at the Semiconductor Process
Research Center, SPRC) as a highly promising solution to
achieve wafer-scale growth of 2D materials on sapphire or other
substrates. For growing h-BN with high crystalline quality, high
temperature is necessary to promote the surface migration of B
atoms and B-free radicals. However, an increase in temperature
generates gas-phase prereactions among the precursors, leading
to adduct formation—commonly referred to as a parasitic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the h-BN growth sequence using a step-
wise temperature profile and flow-modulated epitaxy (FME) process. (a)
Step-temperature growth sequence comprising thermal treatment
(~1100 °C, 3 min), low-temperature BN buffer growth (~800 °C, 5 min),
and high-temperature BN layer deposition (~1350 °C, 120 min), with FME
applied during BN growth stages. (b) Timing diagram for one FME cycle,
showing sequential pulsing of triethylboron (TEB, 4 s ON), ammonia (NHs,
4 s ON), and hydrogen (H,, continuous), repeated for each growth cycle.

reaction. This issue can be mitigated by employing an alternative
precursor supply method, such as sequential or pulsed injection,
which prevents simultaneous precursor mixing in the gas phase,
as reported in previous studies.”””® This approach not only
suppresses parasitic reactions but also enhances adatoms migra-
tion across the substrate surface. However, optimizing the flow
rates of both the precursors can be challenging as it significantly
influences the growth rate and V/III flux ratios, in principle.**~*

Herein, a vdWHT of h-BN and graphene was fabricated, in
which h-BN was synthesized on a 2-inch transferred graphene/
sapphire wafer via an MOCVD method. It was then used to
investigate the DUV sensing performance at an excitation
wavelength of 254 nm. Another photodetector made from h-
BN grown directly on sapphire was used as the controlled
device. Results demonstrated that the h-BN/graphene/sapphire
photodetector exhibited significantly superior properties, high-
lighting the advantages of this vdWHT structure in DUV sen-
sing performance.

2. Experimental
2.1. Growth of h-BN epilayers

A two-dimensional heterojunction between h-BN and graphene
was successfully fabricated on sapphire substrates via a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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combined temperature-step and pulse-flow growth method.
The h-BN layers were epitaxially grown via MOCVD on either
a 2-inch CVD-grown graphene layer that was transferred onto a
substrate, or on a sapphire wafer (both provided by Hanwha
Aerospace Company). A reference sample consisting of h-BN
grown directly on a 2-inch sapphire wafer (Hanwha Aerospace
Company) was also prepared. The vertical MOCVD reactor
operated at 30 torr, with triethyl boron (TEB) and ammonia
(NH;) as precursors for boron (B) and nitrogen (N) sources,
respectively, with hydrogen (H,) as the carrier gas.

Fig. 1a shows three stages of temperature sequence for h-BN
epitaxy process. Prior to h-BN growth, the thermal treatment
process was carried out by annealing in ambient nitrogen gas
(N,) at 1100 °C for 3 minutes, which was found to be critical for
h-BN growth.*> After thermal treatment, further h-BN epilayer
growth was carried out by introducing the precursor while
using a step-grown temperature approach, which involves the
growth h-BN layers at a low temperature (LT) followed by a high
temperature (HT) via a flowrate-modulated epitaxy (FME) tech-
nique. The timing of the FME technique is shown in Fig. 1b,
which includes the injection of 2.9 pmol min~" of TEB for 4
seconds before the injection of 1000 sccm of NH; for 4 seconds
while continuously injecting the H, carrier. The precursor gas
flow was interrupted for 2 seconds between the injection of B
and N sources, creating a modulated gas flow cycle of 12 second.
This FME technique helped to avoid nitrogen migration and
suppressed the occurrence of the gas-phase parasitic reaction.
The LT h-BN layer was grown at 800 °C for over 12 cycles in
5 minutes to form a buffer layer, which was essential for a flat-
and defect-free surface for subsequent growth. At LT, the slower
decomposition of precursors led to a slower growth rate and a
smoother film, reducing the influence of thermal expansion
from the substrate during epitaxy. Additionally, the LT buffer
layer enhanced the connectivity of the h-BN epilayer on the
substrates.>® Previous studies have demonstrated that buffer
layers are effective for h-BN growth on sapphire substrates,
primarily to mitigate lattice mismatch. However, the necessity
of a buffer layer for h-BN growth on graphene/sapphire is not
well established. Despite the similar lattice constants of gra-
phene and h-BN, the role of a buffer layer in this system
remains unclear.

In our study, a low-temperature buffer layer was used based
on standard protocols for sapphire substrates. However, we did
not directly compare growth with and without the buffer layer
on graphene/sapphire owing to experimental constraints in this
study. The susceptor temperature was increased to 1350 °C to
initiate the HT process, thus growing the primary epitaxial
h-BN layers at 180 FME cycles in 120 minutes. Neither the low-
temperature buffer layer process nor the FME technique was
confirmed to be essential for the synthesis method used in this
study. While these techniques were employed in the process, no
direct control experiments were conducted to confirm their
necessity. Thus, these results do not confirm the absolute
requirements of these methods, and further investigation in
future studies may explore their impact on the synthesis
process.
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Fig. 2 Schematic of the fabricated photodetector using h-BN grown on
graphene with an Ni/Au electrode layer for DUV detection.

The morphologies of h-BN/graphene/sapphire and h-BN/
sapphire interfaces were investigated using SEM and high-
resolution TEM (HRTEM) analyses. UV-Vis and Raman spectro-
scopies (using a 532-nm Nd:YAG laser with E,, Raman mode)
were applied to characterize the optical properties of the grown
h-BN films.

2.2. Fabrication and characterization of the DUV
photodetector

Based on our previous work to grow an h-BN film on graphene,
we successfully implemented an h-BN/graphene heterostruc-
ture and fabricated the photodetector device, operating at deep
UV region. Fig. 2 depicts the structure of the h-BN/graphene/
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Fig. 3 Transformation pathways of precursors into h-BN during MOCVD.
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sapphire photodetector with an Ni/Au layer acting as the
conducting electrode. The fabricated devices possessed the
dimensions of 0.4 x 0.8 cm® and a photoactive area of 64 x
10~° ecm®. The photoresponse of the fabricated h-BN/graphene/
sapphire photodetector was characterized by monitoring the
current-voltage change (Keithley 4200-MStech) under a 254-nm
light irradiation. Another photodetector device obtained from
an h-BN film grown on sapphire was tested for the purpose of
comparison. A xenon lamp (450 W) and an Oriel Cornerstone
130 1/8m monochromator were used as light sources to record
the responsivity spectrum.

3. Results and discussion

The nucleation and growth of h-BN epilayers on substrate
surfaces using the MOCVD technique proceed through a highly
complex, multi-step formation pathway, influenced by various
surface reactions and precursor dynamics. Fig. 3 illustrates the
mechanism of h-BN formation from the precursors TEB and
NH; during the MOCVD growth process. The initial step involved
the pyrolysis of the TEB precursor, resulting in the formation of
B-based compounds. Under high-temperature conditions, TEB
decomposed into borane compounds by cleaving the ethyl
radical groups (C,Hs*), which were subsequently converted into
more stable compounds, including C,H,, C4H;0, and H,. Prior to
the introduction of NHj;, these borane compounds combined to
form diborane, which was characterized by two bridging hydro-
gen elements (B-H-B) due to three-center two-electron
bonding.**** The thermal decomposition process was continued
until the formation of boron monohydride (BH), which subse-
quently decomposed into B adatoms on the substrate. When
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Fig. 4 Raman spectrum of h-BN grown on sapphire and on graphene (a) and UV-Vis absorption spectrum of h-BN grown on sapphire (black line) and

graphene (red line); inset: Tauc plot for bandgap identification (b).

NH; was introduced into the reaction chamber, it reacted with
the B adatoms, which created the B-N bonds on the substrate,*
initiating the h-BN nucleation in MOCVD. During the growth
process, owing to the Lewis acid property of borane compounds,
they were able to share an electron couple with NH;, forming
amine borane compounds. These compounds interacted with
each other to form borazine compounds, exhibiting a benzene-
like ring structure. Similarly, diborane compounds reacted with
NH; to form borazine compounds.®” These compounds featured
B-N bonds and contained B-H or B-C,H; bonds, depending on
the specific borane compound involved. The decomposition of
borazine compounds produced small BN molecules that linked
together to form h-BN.

Fig. 4 presents the optical properties of h-BN layers synthe-
sized on graphene and sapphire substrates via the MOCVD
method. The Raman spectra with Gaussian fitting curves are
shown in Fig. 4a, in which the distinctive feature indicating sp*-
hybridized BN is the E,, mode. This mode originated from the
vibrations of boron and nitrogen, moving in opposite directions

0.50 0.75

1pmxlpm 1pmxlpm

Fig. 5 SEM (a) and (b) and AFM images (c) and (d) of vdWHT h-BN/
graphene/sapphire and h-BN/sapphire, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry

within the plane of the h-BN lattice.***° The h-BN grown on

graphene revealed a characteristic E,, mode peak at approximately
1364 cm ', which was consistent with previous reports.®%*!
In this study, the graphene/sapphire Raman spectrum, including
the D-peak, is shown in Supplementary information S1 (ESIt) and
was used for reference, but it was not subtracted in the presented
spectrum in Fig. 4(a). The D-peak, which is a characteristic of
defects in graphene, could overlap with the E,; peak of h-BN,
potentially affecting the estimation of the E,, FWHM. We acknow-
ledge that this overlap could influence the FWHM calculation;
however, for the analysis in Fig. 4(a), the D-peak was not removed
from the spectrum. The FWHM of the E,, peak for vdWHT h-BN/
graphene/sapphire was 16.2 cm ™', which was narrower than that
for h-BN/sapphire (23.8 cm™"). Additionally, a small red shift was
observed for h-BN/sapphire (wavenumber peak at 1362 cm ')
compared with vdWHT h-BN/graphene/sapphire. Previous studies
have reported that the red shift in the Raman spectra of h-BN
layers is correlated with both the thickness®® and tensile strain*® of
the layers. This indicates that the higher tensile strain in h-BN
layers on sapphire may result from the lower structural stability of
the sapphire surface compared to the graphene/sapphire sub-
strate. Although no direct evidence was observed in the samples
for significant carbon contamination, the possibility of low levels
of carbon contamination cannot be completely excluded, particu-
larly because of the TEB decomposition process. The UV-Vis
spectra with an inset of Tauc plots are shown in Fig. 4b. Both
vdWHT h-BN/graphene/sapphire and h-BN/sapphire exhibited sig-
nificant increase in photon absorption at 200 nm. Tauc plot
analysis yielded bandgap values of 5.96 eV and 5.88 eV for vdWHT
h-BN/graphene/sapphire and h-BN/sapphire, respectively. While
the obtained bandgap value of vdWHT h-BN/graphene/sapphire
aligned well with the reported indirect bandgap of h-BN,* the
bandgap of h-BN/sapphire was slightly lower. These optical proper-
ties indicated a higher degree of crystallinity and fewer defects in
h-BN epilayers grown on graphene compared with those grown on
sapphire.

The morphology of the h-BN epitaxial layers, grown on both
graphene/sapphire and sapphire substrates, were examined
using SEM and AFM techniques. The SEM image depicting

Mater. Adv., 2025, 6, 5260-5268 | 5263
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the h-BN growth on graphene (Fig. 5a) revealed a notably
smooth surface morphology. In contrast, the surface of h-BN
grown on sapphire (Fig. 5b) displayed numerous grain forma-
tions and wrinkle patterns. These morphological differences
could be attributed to the lattice mismatch between the h-BN
epilayers and substrates. As previously reported,***> the in-
plane lattice constant of h-BN is approximately 2.496 + 0.006 A
in the temperature range of 500 °C to 1500 °C. This value closely
matches the in-plane lattice constant of graphene on sapphire,
which is 2.44 + 0.02 A,*® resulting in a lattice mismatch of
around 2.2% for vdWHT h-BN/graphene. In comparison, the in-
plane lattice constant of sapphire is 4.78 4+ 0.015 A in the
temperature range of 500 °C to 1200 °C, leading to a signifi-
cantly larger lattice mismatch between h-BN and sapphire. This
substantial mismatch explained the presence of rough grains
and wrinkles on h-BN/sapphire. The measured surface

View Article Online
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roughness (RMS) values from the AFM images of h-BN epilayers
grown on sapphire substrates with graphene (Fig. 5¢) and
without graphene (Fig. 5d) were 0.826 nm and 0.914 nm,
respectively. The surface roughness was regarded as ESI,{ for
the explanation of the SEM data. These results implied that
smoother morphology and fewer defects observed in vdWHT h-
BN/graphene/sapphire correlate with its improved optical prop-
erties, as discussed previously.

Fig. 6 displays the cross-sectional HRTEM images of vdWHT
h-BN/graphene/sapphire and h-BN/sapphire along the'"*° zone
axis, with supplementary electron diffraction patterns. Two
distinct layers with different structures were observed in h-BN
grown on sapphire (Fig. 6a). The upper layer, which was closer
to the surface, was a well-oriented layer consisting of a stack of
h-BN epilayers in highly ordered basal planes. This stack
included 7 to 8 h-BN multilayers intact on the sapphire
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Fig. 6 Cross-sectional high-resolution transmission electron microscopy (HRTEM) images and corresponding structural analyses of (a) h-BN/sapphire
and (b) van der Waals heterostructure (vdWHT) h-BN/graphene/sapphire samples. In (a), 7-8 layers of h-BN are observed directly grown on the sapphire
substrate, with clear (0002) lattice fringes (~0.33 nm spacing) indicating good crystallinity. The inset shows an enlarged view of the h-BN lattice, FFT
pattern, and corresponding intensity profile, confirming uniform interlayer spacing and structural coherence with the sapphire interface. In (b), the
vdWHT sample shows sequentially stacked h-BN (~2.56 nm), monolayer graphene (~1.20 nm), and sapphire. Insets highlight the distinct contrast
between layers, FFT patterns for each region, and line profiles indicating their respective periodicities. The presence of the graphene interlayer enhances
the structural order of h-BN and reduces interfacial strain compared to direct growth on sapphire.
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Fig. 7 (a) Photoresponse spectra of vdWHT h-BN/graphene/sapphire photodetector at a —100-V bias voltage; inset: top-view of the fabricated devices

and (b) /-V characteristics of the vdWHT h-BN/graphene/sapphire and h-BN/sapphire photodetectors under a 254-nm light irradiation.

substrate, with a layer thickness of approximately 0.33 nm, as
determined from the line profile provided in the inset. Fig. 6b
shows three distinct layers from the top-down view, belonging
to h-BN epilayers, graphene, and sapphire. This observation
was further confirmed using electron diffraction patterns.

Fig. 7a presents the photoresponsivity of the vdWHT h-BN/
graphene/sapphire photodetector at a bias voltage of —100 V,
with an inset showing the top-view of the fabricated device. The
responsivity spectrum demonstrates the device’s response in
the DUV region, which was consistent with the UV-Vis analysis,
and exhibited a significant increase with decreasing wave-
length. At 200 nm, the responsivity reached a peak of
10.335 mA W', while the responsivity in the non-DUV region
was below 1.326 mA W~ '. This result indicated the high
sensitivity of the vdWHT h-BN/graphene/sapphire photodetec-
tor to DUV radiation. The I-V curves of vdWHT h-BN/graphene/
sapphire and h-BN/sapphire photodetectors with and without a
254-nm irradiation are shown on Fig. 7b. The I-V characteristic
of the vdWHT h-BN/graphene/sapphire photodetector exhib-
ited a superior performance compared with h-BN/sapphire.
Without irradiation, the dark current density of vdWHT h-BN/
graphene/sapphire was 8.91 x 107 '° A cm 2 at —100 V, while
the photocurrent density was 1.01 x 10~7 A cm > at —100 V.

This resulted in a signal-to-noise ratio of over 110. On the
contrary, the h-BN/sapphire photodetector exhibited a dark
current density of 6.41 x 107'® A em 2 and a photocurrent
density of 2.45 x 107° A ecm™> at —100 V, yielding a signal-to-
noise ratio of only 3.8.

To further investigate the performance of the h-BN-based
photodetectors, a comparison of different recently reported
photoconductive DUV sensors obtained from this type of
material was conducted (Table 1). Detectivity was calculated
using the specific detectivity formula provided below:

R;

V2 X gxJgq

where R; is the responsibility at wavelength 4, g is the magni-
tude of charge on a single electron, and J4 is the dark current
density. Notably, the h-BN photodetector grown on graphene/
sapphire in this work demonstrated an ultra-low dark current,
which in turn resulted in a high detectivity of 2.82 x 10"" Jones,
even though the device had a small active area. This perfor-
mance surpasses that of many previously reported photocon-
ductive DUV sensors. The significantly higher signal-to-noise
ratio of vdWHT h-BN/graphene/sapphire compared with the h-
BN grown on sapphire highlighted the importance of the h-BN

Detectivity =

Table 1 Comparison of the performances of various h-BN-based photoconductive DUV sensors under different growth methods

Properties

Growth  Tested Responsivity ~ Detectivity =~ Photo-to-dark  Dark current  Active
Material method  wavelength (nm) (AW™') (Jones) current ratio  (A) area (cm?)
h-BN/sapphire (this work) MOCVD 254 — — 3.8 57 x10°° 64 x 107°
h-BN/graphene/sapphire (This work) MOCVD 254 4.03 x 10°*  2.82 x 10" 113.3 41x10"®  64x107°
7.5% carbon-doped h-BN/SiO,/Si"” IBD 212 9.2 x 1073 3.09 x 10"  — 439 x 107° —
h-BN/SiO,/Si*® IBD 212 0.1 x 1073 2.4 x 108 10° — 25 x 107*
Thick film h-BN/Quartz*’ IBD 204 0.5 6.92 x 10°  10° — 15 x 10°*
h-BN/Cu*® SSR 210 5.022 6.1 x 10 100 — 1
h-BNNs/Mo*° LPD 254 1.5 x 107° — 1.5 200 x 107 2x10°
BN/Au® CVD 160-400 0.7 x 10°° 1.55 x 10®°  115.04 - 0.21
h-BN/SiO,/Si** CVD 220 0.45 2.8 x 10*° — — —
h-BN/Si0,/Si** CVD 220 3.4 x 1073 3.9 x 10° — 1071 —
h-BN/Si02/Si* CVD 210 545 x 107°  8.62 x 10° 45 9 x 107" 7 %1077

IBD: ion beam deposition; SSR: solid-state reaction; LPD: laser plasma deposition; CVD: chemical vapor deposition.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure for its photovoltaic properties in DUV applications.
This result also indicated that the smaller lattice constant
mismatch between h-BN and graphene in vdWHT h-BN/gra-
phene structure led to a smoother h-BN surface with fewer
defects, thus contributing to enhanced photo-voltages. In con-
trast, more defects in h-BN grown on sapphire led to reduced
carrier mobility and difficulties in transporting electrons to the
surface of the device, resulting in a significant reduction in the
performance of h-BN in DUV sensing. In addition, the remark-
able thermal and electrical conductivities of the two-
dimensional graphene sheet offers a potential explanation for
the enhancement of photocurrent. Indeed, superior thermal
conductivity alleviated temperature fluctuations in the epi-
layers during the high-temperature growth of h-BN in the
MOCVD process, while excellent electrical conductivity bene-
fitted the generation of photon-generated electrons and miti-
gated their recombination.

4. Conclusions

This work successfully fabricated a 2-inch vdWHT h-BN/gra-
phene vdWHT via an MOCVD method using the FME techni-
que. HRTEM analysis revealed approximately 7 to 8 layers of h-
BN epitaxy on the substrate. Owing to the small lattice mis-
match between h-BN and graphene, the vdWHT h-BN/graphene
structure exhibited superior properties compared with the h-BN
grown on sapphire. UV-Vis spectroscopy demonstrated a higher
absorption intensity for vdWHT h-BN/graphene/sapphire than
h-BN/sapphire. Additionally, a slight red shift observed in the
Raman spectrum of h-BN/sapphire (1362 ecm ') compared with
vdWHT h-BN/graphene/sapphire (1364 cm™ ') indicated struc-
tural defects in h-BN/sapphire. SEM images confirmed the
presence of rough grains and wrinkles on h-BN/sapphire, while
vdWHT h-BN/graphene exhibited a smoother surface, high-
lighting it as the perfect buffer of graphene to grow h-BN.
The superior structure of vdWHT h-BN/graphene directly influ-
enced its optoelectronic properties in DUV applications. Fewer
defects in vdWHT h-BN/graphene led to higher electron mobi-
lity, resulting in a significantly higher SNR of 110 compared
with the SNR of 3.8 for h-BN/sapphire in DUV sensing perfor-
mance. This achievement highlights the potential of lattice-
matched vdWHT h-BN/graphene for enhancing the perfor-
mance of DUV sensors and other related applications.
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