Hexagonal boron nitride thick film grown on a sapphire substrate via low-pressure chemical vapor
deposition
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Abstract:

hexagonal boron nitride (h-BN) with a certain thickness has wide applications in
semiconductor electronic devices. In this study, the relationship between the amount of ammonia
borane and the thickness of h-BN films was investigated via low-pressure chemical vapor deposition
(LPCVD) on a non-catalytic c-plane Al,O3 substrate. Through various characterization methods, the
grown film was confirmed to be h-BN. The effect of precursor concentration on the growth thickness
of'the h-BN film was studied, and it was found that the precursor concentration significantly affected
the growth rate of the h-BN film. The results from SEM show that the amount of ammonia borane
is 2000 mg, and a 1.295-um h-BN film is obtained. It will provide an experimental reference for the
growth of thicker h-BN materials to prepare high-efficiency neutron detectors for radiation detection.
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1. Introduction

h-BN is an important group III-V bandgap compound semiconductor material that is expected
to find applications in high-power electronics, high-temperature high-radiation detection, and deep-
ultraviolet detection due to its excellent properties such as high thermal conductivity, high resistivity,
low dielectric constant, and high breakdown electric field [1-3]. And there are almost no dangling
bonds on the surface of h-BN, which results in the least impact on electron transmission; therefore,
it is an excellent candidate as substrate material for two-dimensional (2D) electronic products [4, 5].
Among the electronic device applications of h-BN, the most promising application is in the field of
nuclear radiation detection due to the relatively high thermal neutron capture cross section (~3840b)
of 1B in h-BN and the fact that neutron capture, charge collection, and electrical signal generation
are all done within the detector body. If the isotope h-'""BN is used, it will be one of the most
promising potential future semiconductor neutron-detecting materials to replace *He gas neutron
detectors. Current methods for h-BN film preparation mainly include mechanical stripping [6],
liquid phase stripping [7], chemical vapor deposition (CVD) [8—11], and physical vapor deposition
[12,13]. It is worth mentioning that the CVD method has unique advantages and potential for thin
film growth, due to simple equipment, ease of operation, and low cost. The basis of the CVD method
for synthesizing BN films is the decomposition of compounds containing B and N followed by their
reaction on a substrate. Gaseous precursors (for example, BF3/NH3, BCl3/NH3, and BoHe¢/NH3) and
liquid precursors (e.g. trichloroborazine and borazine) for the growth of BN films are flammable,
toxic, or contain decomposition products. Toxicity makes growth operations more difficult, resulting
in potential safety hazards. Another CVD technique for growing h-BN is to use an ammonia borane
with properties such as non-toxic, non-flammable, non-explosive, and easy to store at room
temperature as a precursor reactant. When it undergoes a chemical reaction at high temperature, the
reaction product is deposited on the substrate to complete the growth of h-BN. It has a B/N
stoichiometric ratio of 1:1, and more importantly, it has a low decomposition temperature and
produces no decomposition product pollution. As a boron source, it can also be used as a nitrogen
source, a single precursor. Compared to other precursors, ammonia borane has a lower equilibrium
vapor pressure, making it the most suitable choice for the growth of high-quality and highly
controllable thin films [14]. The growth of h-BN films via CVD is mainly divided into two
categories: the first condition is the growth of 2D materials (thin h-BN film with the thickness of a
single layer or several atomic layers), and the other situation is thick film growth, which is used to
prepare optoelectronic devices or semiconductor devices. Many researchers have synthesized h-BN
films on Cu [15], Ni[16], Co [17], Pt [18], and other catalytic substrates using CVD. However, this
method is only suitable for growing single-layer or few-layer h-BN films on catalytic substrates;
When separated from the catalytic substrate, the film cannot continue to grow, which is limited in
large-scale semiconductor electronic device applications.

In order to realize wafer-level h-BN for semiconductor electronic devices, it is necessary to
consider the growth of thick film h-BN. Although Chen et al. grew h-BN with a thickness of only
228 nm on a sapphire substrate via LPCVD using ammonia borane, this was not a high-quality h-
BN film but a deposition of snowflake like BNH polymer [19]. The h-BN with greater than 1 um
thickness has not been reported in the literature.

In view of the current need for thick film h-BN applications, this study uses ammonia borane
(NH;3-BH3) as a precursor, discusses the relationship between the amount of ammonia borane source
and the thickness of h-BN growth, and analyzes the characteristics of h-BN grown under different
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ammonia boranes. In this work, h-BN films with a thickness of 1.295 pm were grown on a non-
catalytic sapphire substrate via LPCVD using ammonia borane as a precursor. No peeling or
cracking was observed on the surface of the h-BN films due to the nitriding treatment of the sapphire
substrate for about 1 h prior to the film growth. This provides experimental support for the
application of neutron detection or thick film semiconductor electronic devices.
2. Experimental process

This experiment used the LPCVD method to synthesize h-BN film, as shown in Figure 1.
The precursor ammonia borane was heated using an independent heater, and the product after
thermal decomposition of the ammonia borane, with Ar as the carrier gas, was passed into the dual-
temperature zone high-temperature tube furnace to process h-BN film growth.
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Figure 1 LPCVD system

The substrate used in the experiment was 1x1 cm? c-plane (0001) Al,Os. First, the substrate
was placed in an ultrasonic cleaning machine and ultrasonically cleaned with acetone, absolute
ethanol, and deionized water for 10 min. Then, the Al,O3; was taken out after drying with nitrogen,
placed in a sample boat, and sent to the tube furnace. The tube furnace was evacuated to below 1
Pa to remove air and heated to 1250 °C with passing N> (80 sccm). Subsequently, the substrate is
nitrided at this temperature for 1 h in order to form a thin amorphous AlxNy buffer layer on its surface
and to reduce the mismatch between the substrate and the h-BN. A certain amount of ammonia
borane was placed into an independent box furnace and heated for 5 min to 120 °C. 20 sccm Ar was
used as the carrier gas to pass the ammonia borane decomposition product into the tube furnace for
growth. N> was introduced simultaneously, and the growth pressure was maintained at 500 Pa. After
growth, the temperature of the tube furnace was lowered to room temperature under an N, gas flow
rate of 50 sccm. Finally, the sample was removed.

The high-temperature dehydrogenation of ammonia borane to form a BN film can be roughly
divided into three steps [19], as shown in Figure 2. (1) Ammonia borane is decomposed into
hydrogen, borazine, and polyaminoborane (80 ~ 180 °C); (2) borazine and polyaminoborane are
transported by the carrier gas to the substrate surface at a high temperature for further
dehydrogenation to form polyiminoborane (130~ 700 °C); (3) polyiminoborane is further
dehydrogenated at high temperatures to form a BN film (1170 ~ 1500 °C).



B,
; Borazine
H-N H
H D g ©
H H H, H I
\d A A Polyaminoborane
N A N
4
H

-’
4 \ Ve 8

Polymerization
H=H

Polyiminoborane

Figure 2 Schematic diagram of structural development from the dissociation of borazane to h-BN.

The surface morphology and thickness of the h-BN film were characterized by scanning
electron microscopy (SEM, Zeiss Merlin Compact). Elemental composition and quantitative
analysis of the film were performed using X-ray electron energy spectroscopy (XPS, Thermo
Scientific Escalab 250Xi). The crystal structure, composition, and chemical composition of the film
were characterized using X-ray diffraction (XRD, Bruker D2 PHASER), and Raman spectroscopy
(Thermo Scientific DXR2) was used to characterize the crystallinity of the synthesized h-BN film.
Transmission electron microscopy (TEM, JEM-2100-plus) was also used to characterize and
analyze the microscopic crystal structure of the h-BN film.
3. Results and discussion

A high-temperature tube furnace was used to grow the BN film to clarify the relationship
between precursor concentration and growth rate. The growth pressure was maintained at 500 Pa
by adjusting the flow rate of N, using Ar with a flow rate of 20 sccm as the carrier gas. The ammonia
borane precursor concentrations were 100, 500, 1000, 1500, and 2000 mg, which were grown for

120 min to obtain five samples.
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Figure 3 (a) XPS Bls spectra of the film samples. (b) XPS N1s spectra of the film samples. (c)
Relationship between precursor concentration and the B/N ratio. (d) XRD 6-26 scan patterns.

At first, the influence of precursor concentration on the chemical state of the BN film was
studied by XPS. As shown in Figures 3 (a) and 3 (b), peaks in the binding energies of B and N were
found in the samples. While the B and N binding energies of the five samples lay between 190.4
and 190.5 eV and 398.1 and 398.3 eV, respectively, which correspond to the B-N bond £5R! KRR
35| HPR. , there was no apparent difference in the chemical state observed, which may indicate
that the precursor concentration had little effect on the chemical state of the film. In addition, the
energy peaks of the B and N elements of the five samples were slightly lower than the 190.98 eV
and 398.78 eV of the single-crystal h-BN film, respectively. According to a previous report by Kim
et al. [20], the thermal decomposition of NH3;—BHj3 consists of three steps. Therefore, the degree of
dehydrogenation of NH3;—BH3 is related to the pyrolysis temperature and time. Incomplete
dehydrogenation at lower growth temperatures leads to residual H atoms and the formation of a
small amount of BNH polymer, and the binding energy shifts -towards the low-energy region. We
analyzed atomic percentages in the film samples using the XPS results. The results are shown in
Figure 3 (c). The B/N ratio of the five samples was close to 1:1, which indicates that B and N in the
grown film mainly existed as B-N chemical bonds [21].

In addition, the crystal structure of the grown film was further characterized using XRD. As
shown in Figure 3 (d), the diffraction peak at 41.683° originated from (006) crystal plane diffraction
of the Al,O; substrate (pdf#10-0173), and the diffraction peak at approximately 26.72° [23]
originated from (002) crystal plane diffraction of h-BN (pdf#34-0421). This indicates that the
synthesized film was h-BN, and the diffraction peak intensity of the five samples was relatively high
near 26.5°, suggesting that the amount of ammonia borane had no effect on the crystal quality of
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the h-BN film.
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Figure 4 Raman spectrum of the grown h-BN film
Figure 4 shows a typical Raman spectrum of the h-BN film. In the low-frequency region, the
clear dominant peak exhibited by the film at approximately 1367 cm™ was attributed to the B-N
vibration mode (Eg) in the h-BN layer. The Raman spectrum further confirmed the successful
growth of high-quality h-BN film with a hexagonal structure.

50 nm
]

Figure 5 (a) TEM image of the BN film. The insert of (a) is the corresponding SEAD of the
region. (b) Atomic image of the h-BN film. The insert of (b) is a further enlarged TEM image of
the region.

Some h-BN thin films were gently scraped from the grown samples and placed on the carbon
film to prepare TEM samples with a copper mesh. The samples were characterized using TEM. As
shown in Figure 5 (a), the BN in bright field image can be visualized and the inset shows the
corresponding SAED pattern. Six-fold symmetric diffraction spot was observed. Thus, from this
inset, six spots of the hexagon correspond to h-BN (an.sn=2.5 A). Then, the atomic structure of the
film was studied and further expanded to obtain the microstructure of the film. As shown in Figure
5 (b), the crystallinity of the film was still better. The a-axis direction of the film is shown in Figure
5 (b). And from the HRTEM image calculated the lattice constant was 2.46 A, consistent with the
2.504 A of bulk h-BN [24]. It is further confirmed that the grown thin film was h-BN [24].
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Figure 6 (a—¢) Surface morphology of the BN film samples grown with different concentrations of
ammonia borane. The inset is a statistic graph of grain size. (f) Statistical diagram of the surface
grain size of all samples.

The surface morphology and thickness of the film were observed using SEM. From Figure 6
(a—e), we can see that the surface morphologies of the samples were basically the same, which
proves that the surface roughness of the film was independent of the precursor concentration.
Moreover, the grain size of the film is also observed in the SEM image. As shown in the inset on
the left of Figure 6 (f), the typical grain size was about 30 ~ 50 nm and relatively dense. The
nucleation density of the film may be high under a growth pressure of 500 Pa, contributing to small
and dense grains. The growth of h-BN thin films synthesized via LPCVD may follow an island
growth model rather than a layer-by-layer growth model, which is mainly formed by the
accumulation of homogeneous nucleation to produce a thin film. So, the particle aggregation in the
films can be clearly discovered from the SEM results (Figure 6 (a—¢)).
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Figure 7 (a—e) Cross-sectional SEM of the h-BN film. (f) Relationship between precursor
concentration and h-BN film thickness.

The cross-sectional thickness of the film was observed using SEM. As shown in Figure 7 (a—
e), film growth different from the substrate was clearly observed in the cross-sectional view of the
h-BN film. We have synthesized high-quality h-BN films using LPCVD. It can be seen from Figure
7 that high-quality h-BN films were epitaxially grown on the sapphire substrate and did not appear
snowflake like BNH polymer [19]. As seen in Figure 7(f), the thickness of the h-BN film increased
from 43.3 nm at 100 mg to 628.87 nm at 1500 mg with a linear ratio of 0.4686. However, the
thickness of the h-BN film increased abruptly to 1.295 um when the amino-borane source mass was
2000 mg, instead of the 1023 nm obtained by linear scaling. This may be due to the fact that the
amount of ammonia borane of 2000 mg at 120 degrees sublimated much more than the previous
concentration, resulting in an increased concentration of ammonia borane in the CVD reactor, which
also brought about faster precursor dehydrogenation and produced thicker films in the same growth
time.

In our experiments, the thickness of the grown h-BN film with 2000 mg of ammonia borane
observed using SEM was approximately 1.295 um. Heteroepitaxial growth of h-BN with a such
thickness on a sapphire substrate did not lead to the peeling of h-BN from the substrate. This
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phenomenon was also not observed in the other samples with different thicknesses. This is likely
attributed to the formation of a thin amorphous AlNy layer at the interface between h-BN and A1,03
when the sapphire substrate was annealed at a high temperature before h-BN growth. The nitrogen
atoms from the process gas N> replaced the oxygen atoms on the surface of the sapphire substrate,
and then N—Al bonds were formed at high temperatures (greater than 1200 °C). The formation of
the amorphous AlNy layer reduced the lattice and thermal mismatch at the interface between h-BN
and ALLOs and effectively released the stress at this interface 45 ¥R!ARIREIFI FH IR, . The peak
position of Raman shows that the stress between h-BN and sapphire substrate is relatively small.

If h-BN is used as a neutron detection material for radiation detection, thicker h-BN films must
be needed. To date, h-BN neutron detectors have been constructed by several research groups, and
the potential of h-BN in the field of neutron detection has been proven. According to Maity et al.
[28], the thermal neutron absorption probability of a h-BN film with a thickness d can be expressed
as

P(d)=1-e"(-d/A) . (1

Here, A represents the absorption length of thermal neutrons in h-BN. Theoretically, the A value
of natural h-BN materials is 238 pm [29].

To achieve a neutron detection efficiency close to 5% for conventional neutron detectors [30],
only a 10-um-thick h-BN film needs to be grown, and the amount of ammonia borane required is
less than 20 g. Theoretically, with further optimization of the material growth process, such as
growing wafer-level h-BN semiconductor materials or '°B enrichment, h-BN neutron detectors can
achieve 100% neutron absorption.

4 Conclusion

In this study, the effect of precursor amount on the thickness of h-BN films was investigated.
We found that the growth rate of h-BN films increased linearly with increasing precursor
concentration. We synthesized h-BN films with a thickness of 1.295 pm by nitriding on a non-
catalytic c-oriented A1203 substrate using 2000 mg of monoaminoborane as a precursor. This is the
thickest h-BN film grown in the reported literature so far. Due to the nitriding treatment of the
substrate for 1 h prior to the growth of the h-BN film, a thin amorphous AlxNy layer may be formed
on the sapphire surface, effectively reducing the mismatch between the sapphire and h-BN interfaces.
It provides a good buffer layer for high quality h-BN growth. As a result, no h-BN peeling or
cracking from the substrate was observed in our grown h-BN thin film samples of different
thicknesses. If h-BN is used as a neutron-detecting material for radiation detection, thicker BN films
must be grown. According to the experimental results, if a conventional neutron detector with a
neutron detection efficiency close to 5% is achieved, a 10-um-thick h-BN film needs to be grown,
and the amount of ammonia borane required is less than 20 g. This can be achieved by further
optimization of the h-BN growth process. Our experiments demonstrate the potential of LPCVD for
growing large-area wafer-scale h-BN for high-efficiency neutron detectors. It also provides an

experimental reference for h-BN films as neutron-detecting materials.
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