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Techniques and Physical Properties
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Abstract

The III-nitride semiconductors are known for their excellent extrinsic properties
like direct bandgap, low electron affinity, and chemical and thermal stability. Among
[1I-nitride semiconductors, boron nitride has proven to be a favorable candidate for
common dimension materials in several crystalline forms due to its sp’- or sp>-hybrid-
ized atomic orbitals. Among all crystalline forms, hexagonal (h-BN) and cubic (c-BN)
are considered as the most stable crystalline forms. Like carbon allotropes, the BN has
been obtained in different nanostructured forms, e.g., BN nanotube, BN fullerene,
and BN nanosheets. The BN nanosheets are a few atomic layers of BN in which boron
and nitrogen are arranged in-planer in hexagonal form. The nanostructure sheets
are used for sensors, microwave optics, dielectric gates, and ultraviolet emitters. The
most effective and preferred technique to fabricate BN materials is through CVD.
During the growth, BN formation occurs as a bottom-up growth mechanism in
which boron and nitrogen atoms form a few layers on the substrate. This technique is
suitable for high quality and large-area growth. Although a few monolayers of BN are
grown for most applications, these few monolayers are hard to detect by any optical
means as BN is transparent to a wide range of wavelengths. This chapter will discuss
the physical properties and growth of BN materials in detail.

Keywords: boron nitride, nanosheets, CVD, PLD, h-BN

1. Introduction

The III-nitride semiconductors are known for their excellent chemical and physical
properties like direct bandgap, low electron affinity, and chemical and thermal stabil-
ity [1-6]. Among IlI-nitride materials, Boron nitride (BN) is the only binary material
that shows crystal polymorphism, i.e. BN can exhibit several crystal structures. This
polymorphism is due to the sp>- or sp>-hybridized atomic orbital. The number of B
and N atoms in BN structures is equal. BN exists in the form of hexagonal crystalline
phase (h-BN), cubic (c-BN), wurtzite (w-BN), and rhombohedral (r-BN). Among
all the crystalline phases, the hexagonal and cubic are the most stable phases [7, 8].
The c-BN exhibits a zinc blende structure consisting of boron and nitrogen atoms
arranged tetrahedrally, like a diamond.
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In contrast, h-BN exhibits a layered structure, with neighboring B and N atoms
forming honeycomb structures for each sp’-bonded monolayers. The layers are made
up of AA’ stacking configuration and bounded by weak van der Waals forces with
an interlayer distance of 3.33 A, similar to graphite structure. Because of the said
reason, the h-BN is a layered material and can be easily exfoliated to even a single
monolayered material. The monolayered material is also known as 2D material or
low-dimensional material. The h-BN material has extraordinary properties, remark-
able thermal conductivity, mechanical strength, high thermal and chemical stability,
and a wide bandgap. Traditionally, the BN material is used for high-temperature
applications such as furnaces insulation, furnace crucibles, metal casting molds, and
high-temperature lubrication [9-13]. H-BN supplemented with extraordinary physi-
cal properties exhibits atomic smoothness and a lack of dangling bond on the surface.
This material in 2D form is considered the best substrate for graphene electronics
[14, 15]. Moreover, 2D h-BN sheets are being explored for their application as spacer
layers for metal-insulator-metal devices and as a dielectric material for transistors
and nanocapacitors [16-19].

The first growth of h-BN was reported by Paffett et al. in 1990; the group used
an ultrahigh vacuum (UHV) system to deposit h-BN on Pt (111) substrates [19]. The
Borazine (B;HgN;) was used as a precursor for the growth. Various surface analysis
techniques were used to characterize the grown epilayers. It was observed that h-BN
monolayers were grown successfully, but thick layered h-BN growth was impossible
[20]. In the year of 1995, Nagashima et al. investigated the h-BN epilayers on Ni
(111), Pd (111), and Pt (111). They found that the structure of the h-BN monolayer
was independent of the metal substrate [21]. Furthermore, researchers found that
the BN layer formed on Ni (111) did not grow layer by layer after forming the first
BN monolayer. Consequently, the non-layer-by-layer growth reduced the BN growth
rate significantly due to the thermal stability of the first monolayer on the Ni (111)
substrate. In addition, the bond between the BN epilayers and Ni (111) surface was
weaker than graphite [22]. Later, it was discovered that h-BN forms a nanotech struc-
ture with periodic nanometer-sized holes due to the significant lattice mismatch with
respect to the metal substrate [23]. In 2003, the h-BN monolayer was first observed by
Auwarter et al. on Ni (111) substrates and trichloro borazine (CIBNH);. The achieved
monolayer had a very low defect density and triangular domain.

Moreover, different domains with fcc and hep boron stacking were observed.

To use low-dimensional h-BN material, researchers need to find a scalable growth
method. Chemical vapor deposition (CVD) is commercially used in large-area growth
techniques; researchers were able to grow centimeter-scaled h-BN epilayers on
various metal substrates, e.g. Ni, Cu, and Pt [24-29]. However, researchers around
the globe are still working to achieve larger-sized single crystals to study the growth
mechanism and ensure its feasibility in the industry. The thickest monolayer single
crystal formed to date is ~500 pm [24].

The advantage of using a transition metal as a substrate is their epitaxial relation-
ship, which enables BN films to be easily transferred to another substrate for device
fabrication or material characterization [30, 31]. However, this transfer process is
unreliable as it is highly dependent on the manual handling expertise of the user
transferring large-area films. Furthermore, impurities induced by the solvents during
the transfer process are inevitable. Therefore, to avoid considerable degradation to
the h-BN film, enhancing the transfer process or introducing a direct growth method
would be advantageous. At the same time, the h-BN production cost is another factor
that needs to be considered before commercialization. The most common precursors
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for the growth of BN are ammonia and borane [32-38]. This compound is relatively
stable in air, less toxic, and easy to handle. These precursors are the most popular due
to their high yield and high-quality h-BN films, but the cost of these precursors is
relatively high and unpredictable. Apart from ammonia and borane, researchers are
working on other less toxic precursors, e.g. borazine, trichloro borazine, diborane,
dimeric diborazane + trimeric triborazane, BF; + N, + H,, and trimethylamine borane
[32]. To be widely accepted in the industry for mass production, the precursors
should be low in toxicity, provide high yield, and be economical in price. Therefore,
exploring economical and low-toxic alternatives is still in high demand. In upcoming
sections, we will explain structural properties, growth/fabrication technique, and BN
(low dimension) application.

2. Structure

Attributed to atomic bonding, hexagonal boron nitride (h-BN) (graphite-like)
and cubic polymorph (c-BN) (diamond-like) are critical materials for a wide range
of material applications with small interface traps. Unlike SiO, and high-k materi-
als, h-BN materials possess an excellent interface with high mobility on different 2D
materials transistors. Interestingly, super-hard BN exhibits a polymorphs phase, such
as zincblende BN, hexagonal BN, wurtzite BN (w-BN), BN fullerene, BN nanotubes,
and amorphous BN, which can be regarded as counterpart systems of graphite,
cubic-diamond (C-diamond), hexagonal-diamond (H-diamond), carbon nanotubes
(CNTs), fullerene, and amorphous carbon [39]. Due to their excellent optical and
mechanical properties, w-BN and c-BN have attracted massive attention for various
applications. However, at different process techniques (pressure and temperature
changes), BN always faces state changes, i.e. through cold-compressing h-BN exhibits
metastable w-BN instead of stable c-BN. Wen et al. suggest there might be another
intermediate state between hexagonal and wurtzite-phase BN and proposed a new
BN-phase (bct-BN) with considerable stability and excellent mechanical properties.
The resulting bonding changes their electrical and mechanical properties through the
process steps, such as superconductivity and hardness [39].

2.1 Hexagonal boron nitride (h-BN)

Hexagonal BN (h-BN) structure is similar to graphite. The h-BN consists of sp’-
hybridized alternating B and N atoms, which are held together by a covalent bond in
a hexagon (honeycomb) lattice structure, as shown in Figure 1. For a fully ordered
crystal structure, the lattice constant of the boron nitride structure has lattice param-
eters: a = 2.504A and c = 6.661A [41]. The h-BN has six-membered rings, with boron
atoms in one layer as the nearest neighbors to the N atoms in adjacent layers [40].

2.2 Cubic boron nitride (c-BN): Diamond-like

Cubic-phase BN has significant technological applications. The c-BN is the second
hardest material, which is resistant to oxidation. It has a natural protective coating
and is sought for its protective properties for infrared and visible spectrum applica-
tions. Cubic c-BN is also compatible with high-temperature and high-power applica-
tions; unlike diamond, c-BN can be dopped with p and n type to make a high-power
photodiode. The c-BN possesses a zincblende structure with ABCABC... stacking
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Figure 1.
Schematic diagram of the atomic configuration of layered h-BN [40].

Figure 2.
Diamond structure for c-BN (lattice constant a = 3.6153A) [42].

sequence arrangements, consisting of tetrahedrally coordinated boron and nitrogen
atoms with {111} plans. The atomic arrangement of B and N atoms in the c-BN lattice
is represented in Figure 2 by the ball and stick model.

2.3 Wurtzite boron nitride

Metastable-phase stacking sequence produces additional sp’- and sp>-bonded
phase forms in polytype crystal structures. For example, the stacking relationship
between wurtzite (w-BN) and sp>-bonded cubic phases of boron nitride is analogous
to that between cubic and h-BN. W-BN consists of two layers (0002 planes) structur-
ally identical to the (111) plan c-BN. These ABC stacking arrangements yield addi-
tional metastable rhombohedral boron nitride (r-BN) crystal phase [42]. The atomic
planer arrangement in w-BN and r-BN is shown in Figure 3.

2.4 Octahedral model: BN fullerenes

Ultrathin layer BN (typically <3 nm) forms fullerenes under in situ electron irra-
diation. The BN fullerenes exhibit B/N stoichiometry of ~1. Also, fullerenes revealed
unusual polyhedral electron microscope images based on microscope projection, i.e.
Nested BN fullerenes and single cell fullerenes square-like and rectangle-like outlines,
respectively [43]. The structure of BN fullerene is shown in Figure 4 with the help of
the ball and stick model. In Figure 4, the black ball represents B and the white ball
represents N.
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Figure 3.
(a) Sp?-bonded-phase wBN (lattice constant a = 2.5505A and ¢ = 4.210A) (b) Sp2-bonded-phase yrBN (lattice
constant a = 2.5042A and ¢ = 9.99A) [42].

[111] [211]

Figure 4.
3D octahedral B,N,s molecule in [111] and [211] orientation [43].

2.5 Amorphous BN

BN exhibits amorphous nature when it reacts with cesium metal. After heat
treatment, the amorphous nature is transformed into turbostratic nature (tubular and
corpuscles morphology) with a diameter of 3 pm for 50 to 100 pm. The researchers
observed that the interlayer distance was 3.5A [44].

3. Defects

As we know, BN is a good choice for low-dimensional semiconductors (especially 2D)
with remarkable thermal, mechanical, and dielectric properties. Theoretically, BN should
exhibit perfect lattice structures free from defects, but as we know, the actual material is
marginally different from theoretical models. Similarly, BN has some inevitable structural
defects that arise due to the imperfection of the growth/preparation processes. These
defects are unintentionally induced because of the dramatic influence over the material’s
physical properties, even in a low-dimensional state.

3.1 Point defect

The point defect, known as Stone-Wales (SW), is prevalent in semiconductor
materials. It involves the connectivity change of n-bonded carbon atoms leading to
5
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their rotation by 90° [45]. This defect forms two separate vertically bonded rings
instead of two rings sharing a common edge. This specific structural defect, such

as graphene, is common in sp’-bonded carbon allotropes. Similarly, SW or point
defects are observed in BN material with low dimensions [46]. The formation of point
defects in BN nanoribbons is due to the structural geometry. The SW defects in BN
nanoribbons (zigzag and armchair) are shown in Figure 5. These defects decrease the
bandgap regardless of BN nanoribbon orientation but maintain ultrawide bandgap
behavior (insulating). At the same time, the defect site of this particular nature is far
more reactive when compared to the defect-free site in BN nanoribbon [47-49].

Atomic vacancy is also a point defect observed by high-resolution transmission
electron microscopy (HRTEM). The HRTEM analysis of BN monolayers reveals
triangle-shaped vacancies that have been observed. It is also revealed that the mono-
vacancy of boron (Vg) and the monovacancy of nitrogen (VN) coexist in nature. The
boron atom has low knock-on energy compared to that of nitrogen. Hence, it favors
the formation of boron vacancies rather than nitrogen vacancies [49]. Therefore, Vy is
not observed during HRTEM observation.

On the other hand, the coexisting vacancies like Vi, V3p , n, and Vg , 35, etc., are
evident. However, Alem et al. suggested that besides knock-on damage, there might
be other mechanisms of forming coexisting vacancies, such as replacing ejected atoms
with nearby atoms [50]. Furthermore, the interlayer distance with a missing boron
atom was enlarged, which indicates that the dangling bonds for each N atom might be
repulsive to each other. No stable divacancy (Vgy) was observed as Vgy would imme-
diately transform into Vg , yy due to further removal of boron atoms [48].

3.2 Defect lines

Another defect observed in BN 2D material is defect lines, which form due to the
difference in polarities of h-BN. This difference in polarity results in the convergence
of N-terminated edges from domains with 60° rotation differences. These defects are
observed when h-BN epilayers grow on lattice-matched substrates like Cu (111) or Ni
(111). However, in situ observation of such defect lines is not detected yet. Therefore,
determining adatom species migration during this defect needs further detailed study [51].
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3.3 Adlayer defect

The adlayer defect is another major defect observed in low-dimensional 2D h-BN.
During growth, after a few layers on the metal substrate, Cu islands form structures
that are observed along the grain boundaries of h-BN films. Close observation shows
that grain boundaries facilitate this island’s growth. From the scanning electron
microscopy observation, it was found that angular islands with truncated edges were
observed. The edges resemble pyramids [51]. Some other 2D materials like MoS, and
WS, were observed [52, 53]. A similar observation was found during the growth of
III-V nanostructures on metal substrates. It was revealed by an X-ray photoelectron
spectroscopy (XPS) study that a metal grain boundary acts as the favorable energy
site for the nucleation of III-V pyramid islands. Correspondingly, during the growth
of h-BN monolayers, it was observed that the orientation of adlayers is strongly
affected by the crystalline substrate facets [54-56].

4. Preparation methods
4.1 Mechanical exfoliation

Mechanical exfoliation has been considered the simplest way to prepare high-quality
2D material. The mechanical exfoliation employs exterior force to overcome weak van
der Waals interactions between material layers. The most frequently used method is
scotch tape removal. In this method, the pulling action breaks down the weak van der
Waals interactions between the layers. Pacile et al. used the same method to isolate BN
nanosheets from the powdered h-BN pellet (hard-pressed). By repeating the peeling
and pressing process, monolayered BN nanosheets were obtained. They have reported
a strong relationship between h-BN nanosheet defects and captured excitons’ recom-
bination intensity [57]. Therefore, this technique is suitable for small-scale sample
preparations, only for the laboratories, which is the main drawback of this technique.
Another mechanical exfoliation method that uses shear force is ball milling. This
method introduces fewer point defects compared to other mechanical methods. At
the same time, this method is more efficient than the scotch tape method. According
to Li et al., the controlled ball milling parameters are the key to producing relatively
large in-plane BN nanosheets samples. They used h-BN powder with a benzyl benzo-
ate (C1,H;0,) milling agent and successfully achieved 0.3-1 pm diameter flakes with
thickness between 20 and 110 nm [58].

4.2 Thermal exfoliation

For the fundamental studies, mechanical exfoliation can produce small samples
of a single h-BN sheet. However, the thermal exfoliation route is more convenient if
some large production is needed, such as micro- or nanofillers in polymer composites.
Therefore, Cui et al. attempted a large-scale thermal exfoliation of h-BN using the
easy and scalable thermal oxidation approach [59]. They observed that heating h-BN
in the presence of air adds oxygen to the lattice. After heating, the material was stirred
in deionized water for several minutes resulting in a thick mixture that exfoliates to
form hydroxylated boron nitride without the need for sonication (or mild sonication
required to increase the yield). Furthermore, Yu et al. prepared the hydroxylated
boron nitride by heating h-BN powder to 1000°C inside the tubular furnace. This
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process yields a similar material as Cui et al.; the prepared material was collected,
mixed with binders, and stirred to obtain flakes of h-BN [60].

4.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is widely used to grow various materials.
Figure 6 shows the schematic diagram of the basic CVD growth technique. CVD is
the industrialized large-area growth process, which uses liquid precursors and process
gases to grow the material on the desired surface at elevated temperatures. In earlier
studies, researchers used diborane and ammonia as precursors for the deposition of
h-BN nanosheets on various metal substrates [61]. CVD growth of BN nanosheets is
the primary approach to achieving large-area growth. The large-area growth involves
suppressing the nucleation sites and enhancing the 2D growth mode. The nucleation
could further be suppressed using atomically flat surfaces and optimized CVD
parameters [32, 62].

Additionally, using a metal substrate can enhance the surface migration, further
enhancing the domains’ size by suppressing nucleation and growth rate due to solid
gas reactions involving the metal surface chemistry [63]. The type of precursors could
be a separate boron or nitrogen source, e.g. for boron source BF; and NH3, BCl; and
NH;, and B¢Hg and NH;). Otherwise, it could also be a single precursor like ammo-
nium borane and borazine [64-66]. Table 1 lists some conventional and advanced
precursors in the trend to grow BN through the CVD technique. Figure 6 illustrates
the basic schematic of the horizontal CVD apparatus [76]. The apparatus consists
of a horizontal quartz tube with three heater zones that provide even temperature
gradient control throughout the reacting zone (inside the tube). From one side,
gaseous precursors are introduced, which take part in the growth zone and precipitate
(or epitaxially deposited) onto the surface of the substrate. The epitaxial growth
mechanism is governed by the boundary layer adsorption phenomenon. For growth,

Precursors Results Reference
Ammonia borane Single crystalline, domain size in [34, 36, 38, 67]
centimeter, monolayers, and multilayers
were fabricated.
Trimethylamine borane h-BN monolayers successfully grown on [68]

copper using organic precursor carbon
doping could be achieved.

Trimethylborate, O, and NH; h-BN monolayers were successfully grown [69]
on Rh/YSZ/Si (111) multilayer substrate,
an economical and less toxic process.

Borazine (HBNH); Growth of monolayer BN nanosheets [70,71]
having domain size in mm.

Diborane and NH; BN nanosheets for up to 100 layers were [72,73]
achieved. Crystalline quality depends on
the substrate, growth time, and rate.

BCl;, NH;, N, and H, h-BN nanosheets were vertically aligned [74, 75]
on the substrate. The thickness of the
aligned nanosheets is less than 10 nm.

Table 1.
List of conventional precursors used in CVD method for BN nanosheets/nanostructure growth.
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Figure 6.
Schematic diagram of basic CVD growth apparatus.

the substrate is placed over an inclined susceptor generally made up of graphite, and
the inclined angle may vary from 7° to 15°. This inclination provides uniform gas flow
over the susceptor and suppresses the parasitic gas-phase reactions [76, 77].

4.4 Pulsed laser deposition

Pulsed laser deposition (PLD) is a novel growth technique for the growth of III-V
semiconductors. PLD is an ultrahigh vacuum technique with the base pressure rang-
ing from ~10" to 10~ torr. As the growth takes place in a high vacuum, there is a slim
chance of impurity incorporation due to contamination. In this technique, the pure
material is ablated with the help of a high-energy laser at the same time the process

Y

Focussing Lens

High Energy
Excimer Laser

Laser beam

Quartz window

Figure 7.
Schematic diagram of PLD technique [70].
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gas plasma is introduced into the chamber. The laser-ablated material reacts with
plasma species and migrates on the substrate surface [55]. Recently, this technique
has been used to grow h-BN nanosheets and nanostructures. Figure 7 shows the
schematic diagram of the PLD technique for reference [78]. Glavin et al. reported this
method’s direct growth of BN nanosheets on the sapphire substrate. The growth was
carried out using BN sintered target, which took place at 700°C growth temperature.
The grown film exhibits a narrow Raman line width of ~30 cm™, providing excel-
lent crystalline quality. Later, the prepared films were probed for their UV response,
and BN thin films show deep UV detection capabilities [79]. Velazquez et al. directly
grown few monolayers of h-BN on Ag/SrTiO;(001). It was found that the grown h-BN
monolayers were in the sub-millimeter range and scattered on the surface [80]. PLD is
the immature technique for the growth of III-V semiconductors and is limited to small
area fabrication. Very few reports on the growth of BN by the PLD technique are
available. There is an immense need to study this technique to grow large-area films
which could be of commercial use. There are several other methods to prepare 2D BN,
like solvent exfoliation, solid state reactions, and substitution method, but only few
potential large-scale preparation methods are described in this section.

5. Current application

The BN material shows excellent chemical, thermal, and mechanical properties,
which are utilized in different applications. The industrial application of 2D BN is
yet to be realized due to the lack of large-area thin film synthesis techniques. To date,
large-area films with uniform thickness are hard to fabricate. The h-BN is known
for its wide direct bandgap (~5.9 eV), small lattice mismatch with graphene (1.7%),
and high thermal conductivity. The BN nanosheets have been employed in several
semiconductors device applications, such as transparent membranes, encapsulation
materials, tunneling barriers, and high dielectric materials [81]. For instance, some
graphene devices fabricated on the h-BN show very high mobility in order of 60,000
cm2V-1 s-1, which is far greater than III-V devices that exploit 2DEG (two-dimen-
sional electron gas) properties [82].

Interestingly, an ultrathin layer of BN is sandwiched between the graphene layer
(C-BN-C), making a field effect tunneling transistor heterostructure. The study
revealed that the h-BN nanosheet forms a good tunnel barrier [83]. Ranjan et al.
studied dielectric breakdown failure of thin h-BN films. The study found that the
breakdown field is 21 MV cm ™ for 3-nm-thick h-BN. The breakdown field suggests
that h-BN is more suitable for gate dielectric than high-quality silicon dioxide [84].

6. Conclusion

The BN is expected to play a vital role in developing novel technologies in the
future. Future technologies might include nanophotonics, nanoelectronics, quantum
information, and microelectromechanical systems (MEMS) technology. Recently,
researchers have been in pursuit of developing a way for large-area BN growth. As we
have seen in an earlier section of this chapter, many researchers have achieved rela-
tively large-area and high-quality growth. The large area of 2D BN material could be
used to develop templates or substrates for epitaxy. It would be easier to remove from
these substrates, so they could be used again for the epitaxy. By closely monitoring
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the demands of semiconductor technology, it is evident that the quest for 2D large-

area growth is being pursued. Therefore, further research and studies are needed to
explore 2D BN limitations to understand the potential scope for new applications.
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