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Abstract

Chemical vapor deposition (CVD) technology is a simple and flexible method used to prepare
high-quality crystalline materials. Traditional CVD technology, based on pre-deposited thin
catalyst metal, usually produces nanostructures instead of continuous films. In this work, a
continuous GaN film on a monolayer boron nitride (h-BN) insertion layer is demonstrated using
CVD technology. The experimental results and theoretical calculations indicate that abundant
GaN nanocrystallites are firstly formed at the edges or grain boundaries of the monolayer h-BN
by quasi-van der Waals epitaxy. Then, the vapor-solid mechanism will control further growth of
the GaN nanocrystallites, causing them to merge into a continuous GaN film. Meanwhile, the
CVD-grown GaN ultraviolet detector exhibits a relatively high responsivity with a value of
0.57 AW~ at 2 V. In this paper, a simple low-cost CVD method is proposed for preparing
continuous films on two-dimensional materials for electronic and optoelectronic devices.

Supplementary material for this article is available online

Keywords: gallium nitride, chemical vapor deposition, hexagonal boron nitride, nanocrystalline,
ultraviolet photodetector
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1. Introduction GaN films, including metal—organic chemical vapor depos-

ition (MOCVD) [6], molecular beam epitaxy (MBE) [2], and
Gallium nitride (GaN), with a wide direct bandgap (3.4 €V),is  hydride vapor phase epitaxy (HVPE) [8, 9]. In contrast, chem-
an important type of semiconductor material for high-powered  ical vapor deposition (CVD) technology is an economical
devices and optoelectronic devices, such as metal semicon- method with a relatively simple experimental procedure and
ductor field effect transistors, high electron mobility transist- a high growth yield [10, 11]. The preparation of low-cost
ors, photodetectors (PDs), and light-emitting diodes (LEDs),  continuous GaN films by the CVD method is of great signi-
due to its high carrier mobility, fast radiative recombination  ficance. However, most CVD-grown GaN utilizes a catalytic
rates, as well as its long-term stability and reliability [1-7]. mechanism, using a pre-deposited thin metal layer as the cata-
Several methods have been used to realize heteroepitaxy in  lyst, which can result in the generation of GaN nanostructures,
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including nanowires, nanotubes, and nanobelts [12—-14]. This
limits the application of CVD-GaN film materials.

Recently, the exotic properties of layered two-dimensional
(2D) materials have attracted much attention, and they are
widely applied in the epitaxy of Ill-nitride films. This new
approach of Ill-nitrides deposited on 2D-layered materials is
called quasi-van der Waals epitaxy (QvdWE) [15-17]. Many
2D materials such as graphene, hexagonal boron nitride (h-
BN), and MoS, have been considered for use as a buffer
layer to improve the epitaxial quality of III-nitrides [6, 18-21].
Chen et al demonstrated the growth of AIN on sapphire sub-
strates using a graphene interlayer treated by an N, plasma to
make high-performance deep ultraviolet light-emitting diodes
by MOCVD [21]. Iwan Susanto et al have successfully grown
GaN thin films by plasma-assisted molecular beam epitaxy
(PAMBE) on 2D MoS, layers [19]. It has been proved that III-
nitride epitaxy on 2D materials has made great progress and it
is successfully applied in some equipment including MOCVD,
MBE, and HVPE. In addition, 2D materials can relax the strict
requirements for lattice matching of conventional heteroep-
itaxy utilizing the QvdWE method [6, 9, 21 —25]. Thus, this
suggests a potential approach for preparing continuous GaN
films on 2D materials in a simple manner by utilizing the CVD
method.

In this paper, the growth of continuous GaN films has been
successfully realized by the CVD method using 2D materials
as the intermediate buffer layer. Herein, h-BN is chosen for
GaN epitaxy due to its wurtzite crystal structure and lattice
constant. Furthermore, a PD based on CVD-grown GaN film
has been fabricated that exhibited satisfactory ultraviolet (UV)
detection performance.

2. Experimental section

2.1. Synthesis and transfer process of h-BN fim

Monolayer h-BN was synthesized on polished copper foil (Cu
(111)) by CVD. Polymethyl methacrylate (PMMA) was then
spun as a transfer medium and coated on the h-BN/Cu (111),
and subsequently baked at 100 °C for 25 min. Following that,
the PMMA/h-BN/Cu (111) stack was dipped into a FeCl; solu-
tion until the copper foil was etched completely. The float-
ing h-BN covered by PMMA was transferred to deionized
water for profuse rinsing and then transferred to the sapphire.
Finally, the PMMA/h-BN/sapphire structure was sequentially
cleaned by acetone, ethyl alcohol, and deionized water, fol-
lowed by a high-temperature cleaning process in a reducing
(Hy) atmosphere to remove the PMMA layer thoroughly. A
schematic diagram of the h-BN transfer process from the Cu
(111) to the sapphire substrate is shown in figure S1 (available
online at stacks.iop.org/SST/35/125025/mmedia) (supporting
information).

2.2. Preparation of GaN fim and fabrication of GaN
photodetector

GaN film was prepared on the h-BN film by a simple CVD
process, as illustrated in figure S1 (supporting information).

Ga,03 powder and NH3 gas were introduced as the precurs-
ors of gallium (Ga) and nitrogen (N), respectively. The reac-
tion was carried out in an alundum tube inserted in a horizontal
single-zone CVD tubular furnace. Ga,O3; powder (0.5 g) was
placed in an alundum boat, and the h-BN/sapphire substrate
was placed at a distance of about 3 cm from the Ga source.
Before the reaction, the alundum tube was pumped out to
maintain a pressure of 1073 Pa. The substrate was then heated
to 1200 °C at a rate of 10 °C min~! with N, shielding gas.
Following that, the N, was removed and NH3 was added to the
tube at a flow rate of 200 sccm, then the system was maintained
for different growth times. After that, the NH; was replaced
by N, (50 sccm), and growth was halted by cooling to room
temperature. The GaN film with a growth time of 150 min
was used to fabricate the PD. Interdigital electrodes were con-
structed on the GaN film by conventional UV-lithography
and lift-off technology with a finger width and spacing of
10 pm. About 30 nm Ni was deposited on top of the GaN
film to complete the fabrication of the PD using magnetron
sputtering.

2.3. Computational model

In this study, the adsorption energies of Ga atoms at the edge
and the basal plane of a single-layer BN sheet were calcu-
lated using the Vienna ab initio simulation package based
on density functional theory (DFT) [26]. The Perdew—Burke—
Ernzerhof function with a generalized gradient approximation
was used to optimize the atomic structures and calculate the
total energies of various adsorption geometries [27]. Projector-
augmented wave potentials were used with a cutoff energy of
600 eV. The BN plane was set to the X-Y plane, while the
Z-axis was selected as the normal direction. Regarding the
adsorption of Ga atoms on the BN-zigzag (armchair) edge, an
h-BN supercell with a 4 x 3 surface was the periodicity used
witha2 x 1 x 2 (1 x 2 x 2) k-point mesh. All atoms were
allowed to relax until the force acting on the atoms was less
than 0.03 eV A~

3. Results and discussions

A structural diagram and a photo of GaN/h-BN/sapphire are
shown in figure 1(a). It should be noted that the GaN mater-
ial can only be found on the monolayer h-BN (the right side
of figure 1(a)). Typical hexagonal nanostructures about 1 ym
in thickness (inset of figure 1(b)) can be observed for the
10 min CVD growth time in the scanning electron microscopy
(SEM) images in figures 1(b) and S2 (supporting informa-
tion). Similar structures are obtained when the growth time
is less than 10 min (1 min, 2 min, 5 min, 10 min). Analysis
using an energy dispersive spectrometer (EDS) shows that the
atomic percentages are 53% (N) and 47% (Ga) in figure S3
(supporting information), respectively. The typical hexagonal
crystal features and the EDS results indicate that the nano-
structures are GaN islands. The sizes and densities of the GaN
islands are summarized in figures 1(g) and (h), respectively.
For the 10 min-grown GaN islands (the inset of figure 1(g)),
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Figure 1. Characterization of epitaxial growth GaN islands and films made by CVD on an h-BN/sapphire substrate. (a) structural diagram
and photograph of GaN/h-BN/sapphire. Different morphologies of GaN islands and films on monolayer h-BN with growth times of: 10 min
(b), 20 min (c¢), 60 min (d), 120 min (e), 150 min (f), respectively. The insets of (b-f) show the corresponding cross-section images made by
SEM. (g) Statistical diagram and SEM diagram of the GaN islands’ size distribution with a 10 min growth time. (h) GaN islands’ average
size and density versus growth time. (i) Variation of GaN layer thickness with growth time.

the sizes range from about 1 ym-8 pm, and present a standard
Gaussian distribution. The average sizes and densities of the
GaN islands gradually increase with growth time, as shown
in figure 1(h). Once the growth time exceeds 20 min, a con-
tinuous GaN film will form. Different morphologies of GaN
films can be observed in figures 1(c—f) with increasing growth
times. The film thicknesses increase from 3.4 ym to 24 pm, as
shown in the insets of figures 1(c—f). Figure 1(i) illustrates the
film thickness with varying growth times, and the growth rate
of the GaN film is calculated to be 0.16 ym min~—".

An x-ray diffractometer (XRD) spectrum of 6 to 26 scans
of a 10 min-grown GaN/h-BN/sapphire structure is shown in
figure 2(a). Three wurtzite crystal peaks are observed, corres-
ponding to GaN (002), (101), (004) facets at 34.61°, 36.89°,
72.96°, respectively. An Al,O3 (006) peak from the sapphire
substrate appears, and no h-BN peak signature is observed,
which can be explained by the monolayer h-BN structure.
The XRD results of GaN films with different growth times
show similar characteristic peaks (figure S4). The statistical
results of the full width at half maximum (FWHM) of the

CVD-grown GaN film are shown in the inset of figure 2(a).
FWHMs of the (002) and (101) facets gradually decrease from
0.3° to 0.22° and from 0.26° to 0.19°, respectively, improv-
ing the crystal quality with growth time. The crystallinity
of the GaN islands was further studied by high-resolution
transmission electron microscopy (HRTEM) in figure 2(b).
The interplanar distance is 0.276 nm, corresponding to the
(100) and (010) crystal planes with an angle of 60°, which
confirms the hexagonal wurtzite GaN structure. The elec-
tron diffraction pattern of the GaN islands (inset of fig-
ure 2(b)) confirms its monocrystal characteristics. The com-
posite GaN/h-BN heterostructure is characterized by Raman
microspectroscopy using a 785 nm laser at room temperat-
ure. Figure 2(c) shows the Raman spectroscopy of a 10 min-
grown GaN nanocrystallite on an h-BN/sapphire substrate, and
its inset is the Raman spectroscopy of the h-BN/sapphire sub-
strate. The Raman peak located at 1372 cm™! corresponding to
the standard h-BN Ej, vibration mode can be observed in the
GalN/h-BN/sapphire and h-BN/sapphire structures, revealing
the existence of an h-BN film after GaN growth. Meanwhile,
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Figure 2. XRD, TEM, Raman and PL analysis of GaN islands and films. (a) XRD 6 fo 20 scans of GaN islands with a 10 min-grown time.
The FWHM statistical results for (002) and (101) with different growth times are shown in the inset. (b) HRTEM and electron diffraction
pattern of GaN nanocrystallite. (¢) Raman spectra of GaN/h-BN/sapphire. The inset shows the Raman spectra of h-BN/sapphire. (d) Raman
spectra of GaN layers with different growth times. () Comparison of the Raman peaks of 10 min-grown GaN nanocrystallite and

150 min-grown GaN film. (f) PL spectra of 150 min-grown GaN film at different temperatures. The inset shows a plot of PL peak center

versus temperature.

a peak located at 576.1 cm™! can distinctly be detected in
the GaN/h-BN/sapphire structure, which belongs to the E,"eh
model of hexagonal wurtzite GaN. These results prove the
coexistence of wurtzite GaN and h-BN after CVD growth.
GaN Raman spectroscopies with varied growth times are
shown in figure 2(d). The peak intensity of the E,"&" mode
gradually increases, indicating improved crystallinity with
increasing GaN film thickness. In addition, the E,"&" peak of
150 min-grown GaN film is located at 569 cm~ !, which is
consistent with the reported standard value. The E,"€" peak
of the 10 min-grown GaN nanocrystallite exhibits an obvi-
ous red shift up to 7.1 cm™', as shown in figure 2(e). Stud-
ies have indicated that the E,"&" mode of GaN is sensitive to
stress [28, 29]. Although monolayer h-BN enables GaN epi-
taxial growth, it cannot eliminate the lattice and thermal mis-
match between h-BN and GaN, resulting in interfacial stress
and a redshift of the Raman peak. For the 150 min-grown GaN
layer, the thicker film can mitigate the stress effect originating
from the interface, effectively improving the crystallinity. Fig-
ure 2(f) shows the temperature-dependent photoluminescence
(PL) spectra of 150 min-grown GaN film from 50 K to 295 K
excited by a 325 nm He-Cd laser. A filter for removing the
yellow luminescence band was used. A dominant peak loc-
ated at 361.2 nm is observed at 295 K, corresponding to the
near band-edge (NBE) emission of wurtzite GaN. Meanwhile,

the PL intensity gradually decreases with increasing measure-
ment temperature, due to enhanced non-radiative recombin-
ation [30]. In addition, the GaN NBE emission peak exhib-
its a 6.6 nm red shift from 354.6 nm at 50 K to 361.2 nm
at 295 K (inset of figure 2(f)). Apart from this, it is found
the NBE peak (361.2 nm at 295 K) is below the previously
reported figure for wurtzite GaN (about 364 nm). The shift
in the NBE peak indicates the stress in the GaN material,
which is probably associated with crystal intrinsic defects in
the growth process [31, 32]. These results indicate the satis-
factory optical quality of the GaN film, which makes our pro-
cess a potential approach for the fabrication of optoelectronic
devices.

To study the GaN growth mechanism, GaN was grown
on unincorporated equilateral-triangle-shaped monocrystal-
line h-BN with a crystal size of about 8.5 pm, as shown
in figure 3(a), at 1200 °C for 1 min by CVD. Some
nanocrystallites can be observed on the edge of trianglu-
lar h-BN, as shown by SEM in figure 3(b). The nano-
crystallites are of various shapes, and their average size
is about 2.3 um (inset of figure 3(b)). Figure 3(c) shows
the EDS mapping of the Ga element corresponding to fig-
ure 3(b). It can be seen that the Ga element is mostly loc-
ated at the sites where nanocrystallites exist. Figure 3(d)
shows the atomic force microscopy (AFM) characterization
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Figure 3. Growth of GaN islands on monocrystal h-BN triangles. (a) Optical image of monocrystalline triangular h-BNs on sapphire. (b)
SEM of GaN nanocrystallines after a CVD growth process on anthe h-BN triangle substrate of figure 3(a). The inset shows a standard
hexagonal GaN nanocrystallite. The scale bar is 1 pm. (c) EDS mapping of Ga elements corresponding to figure 3(b). (d) AFM height

profile of GaN nanocrystallites corresponding to figure 3(b).

of GaN nanocrystallites on h-BN/sapphire, and the nano-
crystallite height is about 700 nm. The above results indic-
ate that GaN nanocrystallites preferentially grow on the
edges of monocrystalline equilateral-triangle-shaped h-BNs.
Some groups also reported that the edges of 2D material
flakes are expected to have some structural imperfections
which have a high electron affinity that could act as act-
ive nucleation centers for epitaxial growth [33, 34]. To fur-
ther prove this idea, the adsorption and nucleation of Ga
atoms on h-BN have been calculated using DFT. We con-
structed standard monolayer h-BN nanobelt structures without
grain boundaries but with different edge-cut directions, as
shown in the armchair pattern in figure 4(a) and the zig-
zag pattern in figure 4(b) [35]. Sites 1 and 4 mean that Ga
atoms are attached to the edge (armchair edge and zigzag
edge) of monocrystalline h-BN, while sites 2 and 3 mean the
interior. The Ga atomic adsorption energy at different sites
has been calculated in figure 4(c). The adsorption energies are
calculated by

E, = Eotal — Esiab — Ea

where Ey, is the total energy of the adsorbed system, Eg,p
is the total energy of the slab model, and Eg, is the energy
of a single Ga atom. The relative energies at the edge (sites
1 and 4) are about 2.1 ~ 4.3 eV and 1.7 eV lower than in the
interior (sites 2 and 3) for the zigzag and armchair patterns,
respectively. Thus, a Ga atom can more easily be adsorbed
on the edge of monocrystalline trianglular h-BN than in the
interior. Many experimental and theoretical calculations indic-
ate that the edges of triangular h-BN form a zigzag pattern and
are nitrogen-terminated (figure 4(d)) [36-39]. In addition, 2D
materials can relax the strict requirements of conventional het-
eroepitaxy utilizing the QvdWE method [6, 9, 21-25]. Thus,
a possible GaN island nucleation model at the edge of the
monocrystalline triangluar h-BN is proposed in figure 4(e).
The model shows that the Ga atoms are bonded to N atoms on
the edge of the triangular h-BN by QvdWE. However, the in-
plane lattice parameters are 0.250 nm for h-BN and 0.319 nm
for hexagonal wurtzite GaN [39, 40], showing a large lattice
mismatch of 27.4%. The calculation shows that every 4 unit
cells of h-BN and every 3 unit cells of GaN have a coincid-
ence with a small misfit of only 4.5%. Thus, we suspect that
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Figure 4. Grown molecule model and computational model of GaN on h-BN. (a, b) Model of Ga adsorbed on different sites of h-BN with
armchair edge and zigzag edge. (c) Total relative energy of Ga adsorbed on different sites of h-BN. (d) Schematic illustration of
monocrystalline triangular h-BN on Cu (111). (e) Epitaxial model of GaN islands on the edge of monocrystalline triangular h-BN.

for every 3 unit cells of GaN, epitaxial growth can be realized
on 4 unit cells of h-BN. A similar epitaxial growth mode has
been proposed by Kumaresan et al to explain GaN growth on
a graphene substrate [40].

The vapor-solid (VS) mechanism will further control the
growth of GaN nanocrystallites utilizing the CVD technology,
which causes growth in multiple directions and various shapes
[41-43]. Following CVD, the GaN nanocrystallines grow and
finally merge into continuous films, as shown in figures 1(c)
and S5. The thickness of the GaN film increases with increas-
ing growth time. This causes squeezing and twisting in con-
tinuous GaN films due to the merging process. Herein, the test
results of XRD and Raman spectroscopy imply the existence
of the merging process. First of all, compared to the GaN nano-
crystallites, other GaN wurtzite crystal peaks appear, includ-
ing ((110), (200), (112), (201) and (202)) in the continuous
GaN films shown in figure S4. Secondly, Raman peaks appear,
located at 142.47 cm~! and 533.02 cm™~! corresponding to
wurtzite GaN E,'°" and an A;(TO) mode in figure 2(d), which
are not allowed by the Raman selection rules in the (z(-,-) 7)
geometry [29, 44].

Furthermore, 150 min-grown continuous GaN film was
used to fabricate the UV PD. A schematic diagram and an
optical image are shown in figure 5(a) and the inset of fig-
ure 5(b), respectively. Figure 5(b) shows current—rvoltage
(I-V) curves in the dark and under UV light illumination with

a series of wavelengths (300 nm, 325 nm, 350 nm, 360 nm, and
375 nm). The time-dependent photon response (Al = Lpjor0 —
14411) 1s further investigated under various wavelengths of illu-
mination, as shown in figure 5(c). Herein, the light (300 nm,
325 nm, 350 nm, 375 nm, and 400 nm) is switched on and
off sequentially, at a bias of 1.7 V. The response curve can be
fitted with a bi-exponential relaxation equation, with relaxa-
tion times under 360 nm light in the decay stage of 71 ~ 54s
and 7, ~ 388s. The existence of grain boundary defects in the
merged GaN film should be the cause of the long relaxation
time. The maximum responsivity at the band edge position is
0.57 A W~ under 360 nm illumination, with a 6.34 mW cm—2
power density at 2 V of bias, as shown in figure 5(d). At the
same time, there is a sharp cutoff wavelength above 360 nm
approximatively corresponding to the GaN bandgap energy of
3.4 eV. Figure 5(e) shows the time-dependent photoresponse
under 360 nm illumination at bias volatages of 1 V, 1.5V, and
2 V. Figure 5(f) illustrates the variation in responsivity and
external quantum efficiency (EQE) under 360 nm illumina-
tion with different applied bias voltages. There is a signific-
ant increase in responsivity from 0 to 0.57 A W~! with an
increasing bias from O to 2 V, respectively. The EQE increases
with increasing applied voltage and reaches 1.94 (194%) at
2 V. Compared with some reported GaN-based PDs listed in
table 1, our current CVD-grown GaN-based device shows a
relatively high responsivity.
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Figure 5. The detection performance of GaN-based photodetectors. (a) Schematic diagram of GaN-based metal-semicondctor-metal
(MSM) photodetector. (b) I-V curves measured in the dark and at under illumination at different light wavelengths. The inset shows an
optical image of the photodetector, the scale bar is 200 nm. (c) Time-dependent photoresponse at under illumination underby different light
wavelengths at 1.7 V of bias. (d) Responsivity of GaN-based photodetector at different wavelengths at 2 V of bias. (e) Time-dependent
photoresponse with varying bias under illumination by 360 nm light. (f) Variation in responsivity and EQE with bias voltages from 0 V to

2V.

Table 1. Comparison of critical parameters in various GaN photodetectors.

Device structure Fabrication method Light of detection Dark current ~ Responsivity Relaxation time Reference

GaN MSM MOCVD 300-380 nm 10pAatlV  50-150 AW lat6-15V / [45]

GaN MSM MBE 254302365nm 13nAat2V 0354 AW lat2Vv / [46]

GaN MOCVD 300-360 nm 10pAat—1V 0.11A W lat—1V 430 ns [47]

GaN MSM Thermal vapor 365 nm 6.13 pAat5V 0285 AW 'at5Vv 10.4 ms [32]
deposition

GaN MSM MOCVD 362 nm 200pAat3V 005AW lat5V / [48]

GaN MSM HVPE 365 nm 2pAatl0V  06AW lat5V / [49]

GaN MSM PAMBE 325 nm 1L5uAat5V  0320AW 'at5V 450 ms [2]

GaN on graphene  MOCVD 340-370 nm 9puAat05V 25AW lat05V >500 s [50]

MSM

GaN on h-BN MSM CVD 300-360 nm 23pAat2V 057TAW lat2v 71 = 54s 7 ~ 388s This work

4. Conclusions

In conclusion, a continuous GaN film was realized on a
sapphire substrate with a monolayer h-BN insertion layer
using a simple CVD approach. By adjusting the growth
time, we have accomplished growth from GaN islands to
continuous film. The CVD growth mechanism with a spe-
cific h-BN insertion layer was investigated with experiments
and quantitative theoretical calculation. The results indic-
ate that GaN nanocrystallites are preferentially formed at

the edges of monocrystalline triangular h-BN by QvdWE.
Many of GaN nanocrystallites will subsequently grow and
merge into a continuous film by the VS mechanism. In
addition, the UV PD based on the CVD-grown continu-
ous GaN film shows a satisfactory detection performance.
Further work will focus on improving the crystal quality
by optimizing the CVD growth process. Our work offers
a simple, complementary, and alternative method for the
growth of GaN films, thereby promoting their wide applica-
tion.
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