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Abstract

Carvalho, Thais; Costa, Marcelo (Advisor); (Co-Advisor). Chemical,
structural, tribological, and optical properties of hexagonal
boron nitride films synthesized by chemical vapor deposition..
Rio de Janeiro, 2024. 118p. Tese de Doutorado – Departamento de Física,
Pontifícia Universidade Católica do Rio de Janeiro.

Hexagonal Boron Nitride (h-BN) is a material composed of alternating
Boron (B) and Nitrogen (N) atoms with a hexagonal aspect. Thin films of
h-BN play a crucial role in the development of applications such as 2D devices
based on Van der Waals heterostructures, protective coatings, tribological ap-
plications, among others. The synthesis of h-BN still represents a significant
challenge. In this thesis, the synthesis of h-BN was investigated using the low-
pressure chemical vapor deposition (LPCVD) method, employing ammonia
borane (AB) as a precursor source of B and N. The study focused on di-
rect growth on the silicon <100> substrate, thus eliminating the need for film
transfer for subsequent characterization and avoiding degradation and contam-
ination associated with the transfer process. The first part of this study focused
on CVD growth, controlling parameters such as the amount of precursor mate-
rial, precursor and furnace evaporation temperature, gas flow rates during the
reduction and synthesis stages, temperature, reduction time, synthesis, and
cooling. Two series were synthesized: one as a function of growth temperature
between 1173 and 1373 K, and a second as a function of synthesis time at a
temperature of 1373 K. The films were characterized by spectroscopy, Raman,
Fourier-transform infrared (FTIR), UV-visible (UV-Vis), X-ray photoelectron
(XPS), atomic force microscopy (AFM), contact angle measurements, scan-
ning electron microscopy (SEM), scanning transmission electron microscopy
(STEM), and tribology. Initially, the effect of growth temperature on the qual-
ity of films grown for 10 minutes was studied. Raman spectroscopy results
confirmed the growth of h-BN, evidenced by the E2g peak at approximately
1375 cm−1. Morphological studies showed that temperature variations lead to
the formation of different structures on the Si surface. Growth is observed
from 1273 K, while samples grown below 1223 K show no signs of growth.
We observed the formation of two-dimensional (2D) nanosheets with lateral
dimensions ranging from 80 to 500 nm, as well as the continuous growth of
films with nanocrystals of varying sizes. The B:N ratio determined by XPS was



approximately 1:1, and the optical gap of the h-BN films was determined to be
5.75 eV. Tribology studies demonstrated a friction coefficient of 0.1, and there
was no delamination after 3000 linear reciprocating cycles in the ball-on-disk
test, covering 10 mm in each cycle on the film, while for Si it was 0.6. For
films synthesized as a function of time, Raman spectroscopy characterization
revealed an E2g vibration mode peak at 1374 cm−1 with intensity correlated to
the film thickness. FTIR spectroscopy confirmed the presence of B-N bonds,
and the optical band was determined to be 5.65 eV. Contact angle measure-
ments showed hydrophobic films. XPS data indicated a stoichiometric 1:1 ratio
between B and N, and the thickness was analyzed by cross-sectional STEM
measurements, being around 20 nm for films grown for 10 minutes at 1373 K.

Keywords
LPCVD method; hexagonal Boron Nitride (h-BN); Silicon (Si) sub-

strate; Insulator; .



Resumo

Carvalho, Thais; Costa, Marcelo; . Propriedades químicas, estrutu-
rais, tribológicas e ópticas de filmes de nitreto de boro hexa-
gonal sintetizados por deposição química na fase vapor.. Rio de
Janeiro, 2024. 118p. Tese de Doutorado – Departamento de Física, Pon-
tifícia Universidade Católica do Rio de Janeiro.

O Nitreto de Boro Hexagonal (h-BN) é um material composto por átomos
alternados de Boro (B) e Nitrogênio (N) com um aspecto hexagonal. Os filmes
finos de h-BN desempenham um papel crucial no desenvolvimento de aplica-
ções como em dispositivos 2D baseados em heteroestruturas de Van der Waals,
revestimentos protetivos, tribológicos, entre outros. A síntese de h-BN ainda
representa um desafio significativo. Nesta tese, investigou-se a síntese do h-BN
utilizando o método de low pressure chemical vapour deposition (LPCVD),
empregando amônia borane (AB) como fonte precursora de B e N. O estudo
focou-se no crescimento direto sobre o substrato de silício <100>, eliminando,
assim, a necessidade de transferência do filme para posterior caracterização
e evitando a degradação e contaminações associadas ao processo de transfe-
rência. A primeira parte deste estudo concentrou-se no crescimento por CVD,
controlando os parâmetros de quantidade de material precursor, temperatura
de evaporação do precursor e do forno, fluxo de gases nas etapas de redução
e de síntese, temperatura, tempo de redução, síntese e resfriamento. Foram
sintetizadas duas séries: uma em função da temperatura de crescimento entre
1173 e 1373 K, e uma segunda em função do tempo de síntese a uma tempe-
ratura de 1373 K. Os filmes foram caracterizados por espectroscopias Raman,
infravermelho por transformada de Fourier (FTIR), UV-visível (UV-Vis), de fo-
toelétrons excitados por raios X (XPS), microscopia de força atômica (AFM),
ângulo de contato, microscopia eletrônica de varredura (SEM), microscopia
eletrônica de varredura por transmissão (STEM) e tribologia. Inicialmente,
foi estudado o efeito da temperatura de crescimento na qualidade dos filmes
crescidos por 10 minutos. Os resultados de espectroscopia Raman confirmam
o crescimento de h-BN, evidenciado pelo pico E2g em aproximadamente 1375
cm−1. Estudos morfológicos mostraram que variações de temperatura levam à
formação de diferentes estruturas na superfície do Si. O crescimento é obser-
vado a partir de 1273 K, enquanto amostras crescidas abaixo de 1223 K não



apresentam sinais de crescimento. Observamos a formação de folhas bidimen-
sionais (2D) com dimensões laterais variando de 80 a 500 nm, assim como o
crescimento contínuo de filmes com nanocristais de tamanhos variados. A ra-
zão B:N determinada por XPS foi de aproximadamente 1:1 e o gap óptico dos
filmes de h-BN foi determinado em 5,75 eV. O estudo de tribologia demonstrou
um coeficiente de atrito de 0,1 e não houve delaminação após 3000 ciclos de
ida e volta lineares no teste esfera no disco percorrendo 10 mm em cada ciclo
no filme, enquanto o do Si foi de 0,6. Para os filmes sintetizados em função do
tempo, a caracterização por espectroscopia Raman revelou um pico de modo
de vibração E2g em 1374 cm−1 com intensidade correlacionada à espessura do
filme. A espectroscopia FTIR confirmou a presença de ligações B-N, e a banda
óptica foi determinada em 5,65 eV. O ângulo de contato mostrou filmes hidro-
fóbicos. Os dados de XPS indicaram uma relação estequiométrica 1:1 entre B
e N, e a espessura foi analisada pela medida de seção transversal por STEM,
sendo da ordem de 20 nm para filmes crescidos por 10 minutos a 1373 K.

Palavras-chave
Método LPCVD; Nitreto de Boro hexagonal (h-BN); Substrato de

Silício; Isolante.
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1
Introduction

Hexagonal Boron Nitride (h-BN) is a material analogous to graphene,
featuring a honeycomb structure formed by its constituent atoms of Boron
and Nitrogen [20, 21]. Within each h-BN layer, B and N atoms establish strong
covalent bonds in the plane, whereas interlayer interactions are governed by
Van der Waals forces reminiscent of graphite bonding [5].

Boron nitride (BN) exhibits different allotropic forms with bonding of
sp2 or sp3. In the case of sp2-bonded BN, it can adopt a hexagonal (h-BN) or
rhombohedral (r-BN) phase, while sp3-bonded BN can crystallize in a cubic (c-
BN) or wurtzite (w-BN) phase [22]. h-BN, as an insulator with a wide bandgap
ranging from 4-6 eV [23, 24, 25, 26, 6], possesses properties such as chemical
inertness, thermal conductivity, and good resistance to oxidation at elevated
temperatures [27, 28, 29, 30].

These inherent characteristics make h-BN a promising candidate for
various applications, including deep-ultraviolet (DUV) optoelectronics and
high-power electronics, where h-BN films can serve as dielectric material in
graphene-based electronics, solid-state thermal neutron detectors, and tunnel
barriers in tunnel devices [31, 32, 33, 34, 35]. The h-BN nanocoatings have also
demonstrated anticorrosion properties, i.e. can function as protective coatings
because of their mechanical properties, including high hardness and toughness
[35]. Furthermore, its hydrophobic nature limits the interaction of the substrate
with corrosive media [35, 36].

Recent studies have revealed that h-BN, with its good lubricity, especially
at high temperatures, is a promising alternative to other well-known solid lu-
bricants such as graphite, which begins to oxidize at temperatures above 673 K.
Similarly, MoS2, a member of the class of Transition Metal Dichalcogenides
(TMDs), is easily oxidized when temperatures exceed 623 K, leading to the
formation of MoO3. This oxidation increases the coefficient of friction (CoF)
and wear rate, reducing its lubricity and limiting its effectiveness as a solid
lubricant. The lubricating properties of h-BN are particularly due to its lay-
ered structure and high thermal conductivity, which promotes resistance to
oxidation at high temperatures [37, 38].

Solid lubrication has become an integral part of materials science and
engineering. Materials designed to reduce friction and wear are referred to as
tribological materials. Some of the properties necessary for good lubricating
performance in terms of mechanical and physical properties are strength, stiff-
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ness, fatigue life, thermal expansion, and damping. In light of this, many efforts
are being made to understand and design materials, including multilayer coat-
ings and novel coating architectures that can adapt to varying environments
[37].

The realization of these devices requires h-BN films with uniform thick-
ness, coverage over large surface areas, and good crystallinity. For this pur-
pose, various synthesis methods are employed, including mechanical exfolia-
tion, molecular beam epitaxy, atomic layer deposition (ALD), ion beam sput-
tering deposition, cosegregation [39, 40, 41, 42, 43, 44, 45], and chemical vapor
deposition (CVD). The CVD method, widely used for h-BN and other Van der
Waals materials, offers advantages such as thickness and layer control, making
it a candidate for industrial-scale h-BN growth processes. However, challenges
persist, particularly in the growth of h-BN implementing polycrystalline metal-
lic catalysts such as Ni, Co, Pt and Cu as substrates [46, 47, 48].

Precursors used for the growth of h-BN exist in various states, including
gas (Diborane and Ammonia), liquid (Borazine), and solid (ammonia borane,
trimethylamine borane, and oligomeric amine borane) [49]. The solid precur-
sors offer advantages over those of liquid and gaseous precursors, particularly in
terms of chemical stability, such as resistance to oxidation leading to the forma-
tion of borates, cost, and toxicity. For example, Ammonia Borane (BH3NH3) is
employed as solids precursor, featuring a 1:1 ratio of B to N. They also exhibit
significant benefits in terms of safe handling within the laboratory [50, 51].
Notably, some reports demonstrate the direct, transfer-free growth of h-BN
thin films on silicon (Si)-based substrates, including Si3N4/Si and SiO2/Si,
as well as on Si <001> [2, 52, 53]. This approach eliminates the need for
substrate preparation, such as etching, polishing, high-temperature annealing,
and the film transfer process, avoiding contamination of the CVD chamber.
Despite these advances, synthesizing h-BN thin films essential for electronic,
optoelectronic, or dielectric applications remains a challenge [22, 54].

In this context, we present an approach to synthesizing h-BN films
on Si <100> substrates utilizing a low-pressure chemical vapor deposition
(LPCVD) system and the Ammonia Borane complex as a precursor. The
variation of growth time is investigated to discern its role and impact on the
process. Our experimental results, incorporating Raman spectroscopy, Infrared
spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS), Atomic Force
Microscopy (AFM), Scanning electron microscopy (SEM), and Ultraviolet-
Visible (UV-VIS) spectroscopy, collectively provide evidence of the hexagonal
phase of BN, the optical properties, protective capabilities, and morphological
characteristics of h-BN films. This investigation offers insights into h-BN
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growth dynamics and contributes to the evolving field of Van der Waals
material synthesis and characterization.

This document is structured as follows. In Chapter 1 we present some pre-
vious work relevant to our problem. In Chapter 2 we show some properties and
applications of h-BN films. In Chapter 3 we show the theoretical foundation.
In Chapter 4 we show the methodology used to grow h-BN films. In Chapter
5 we show equipment and procedures for characterization. In Chapters 6 and
7 we present our results. Finally, in Chapter 8 we present our conclusions.

1.1
Aim and scope

In this thesis, our objective was to synthesize h-BN films using the
LPCVD method. Initially, a bibliographical review was conducted to deter-
mine the best parameters for synthesizing the films with the materials and
techniques available in the thin film at Laboratório de Revestimentos Prote-
tores e Materiais Nanoestruturados at PUC-Rio. The literature extensively
explores the synthesis of these films on various transition metal substrates
such as Cu [27, 50, 5], Ni, Co, Pt, Fe, and Cu-Ni binary alloy substrates [55].

The h-BN films grown on copper foil requires transfer onto suitable sub-
strates like SiO2 for subsequent material analysis and device manufacturing.
However, this additional transfer step poses challenges to the practical inte-
gration of CVD h-BN due to the inherent process intricacies and potential
degradation in electrical properties resulting from defects or residues intro-
duced during the transfer process. Given the disadvantages associated with
the transfer process, it is crucial to explore alternative methods for nucleating
h-BN layers directly on dielectric or insulating substrates, such as SiO2/Si,
Si3N4/Si, Al2O3, and quartz.

Recently, there have been efforts to directly grow h-BN sheets on insulat-
ing or dielectric substrates such as SiO2/Si, Si3N4/Si, silicon (111), quartz,
sapphire, single crystal diamond, and 6H-SiC. These efforts utilize various
techniques, including low-pressure thermal chemical vapor deposition (CVD)
[56, 53, 57, 58, 1, 59], cold wall chemical vapor deposition, metal-organic chem-
ical vapor deposition (MOCVD), molecular beam epitaxy (MBE), ion beam
sputtering deposition (IBSD), metal-organic vapor phase epitaxy (MOVPE),
and atomic layer deposition (ALD) [60].

Therefore, a deposition process capable of growing high-quality, ultra-
smooth, transfer-free h-BN with controllable thickness directly on a variety
of insulating and conductive substrates would be highly advantageous for
the advancement of graphene and TMD technologies [61]. Consequently, this



Chapter 1. Introduction 24

thesis focuses on direct growth on silicon <100> substrates. By optimizing
the CVD parameters for direct deposition on silicon, we aim to eliminate the
complications associated with the transfer process and improve the quality and
purity of the resulting films.

To comprehend the growth mechanism and achieve controlled growth
of atomically thin to thicker films of h-BN, a systematic study on various
essential CVD parameters was carried out. The effects of CVD parameters,
such as substrate position, growth temperature, growth duration, sublimation
temperature, and the weight of the AB precursor on h-BN nucleation and
growth were methodically investigated.

Investigating the effects of these parameters is crucial for obtaining high-
quality and uniform h-BN films. This comprehensive analysis aims to optimize
the CVD process parameters to enhance the film’s uniformity and quality. This
approach seeks to advance the development of h-BN films suitable for various
applications, particularly in optoelectronics and other fields requiring precise
control over film morphology and properties.

1.2
State of the art

In this section, previous studies are discussed regarding the relevance of
direct growth of h-BN on dielectric substrates, as well as the application of
different synthesis parameters and methodologies.

Tay et al. (2015) demonstrated the growth of nanocrystalline h-BN
(NCBN) films on dielectric substrates. Few to multi-layer NCBN films were di-
rectly grown on amorphous SiO2/Si and quartz substrates in a CVD chamber
using 30 mg of ammonia borane. Due to the non-self-limiting growth mecha-
nism, the thickness of NCBN can be controlled by using different growth times;
therefore, they controlled the thickness by adjusting the growth time between
5-30 minutes. The samples were characterized with various techniques. The
left panel of Figure 1.1 shows their optical characterization of the h-BN film
on the SiO2 substrate, displaying a scratched region of the grown film exposing
the underlying part of the substrate. The right panel shows a cross-sectional
transmission electron microscope (TEM) image taken at the film edge of the
sample grown for 5 minutes, with the interlayer distance in both films being
0.35 nm.

At 1273 K, borazine (BNHy)x molecules are formed, enabling them to
be deposited on any substrate. The starting BN layers initially grow parallel
to the SiO2 surface and thicken over time as more precursor gas (borazine) is
supplied into the reaction. They observed that as the film thickens, it roughens
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Figure 1.1: Left panel: Optical image of as-grown NCBN film on SiO2 surface.
Right panel: Cross-section TEM image showing 7 layers with interlayer dis-
tance of 0.35 nm for film grown for 5 min [1].

due to surface irregularities and multiple grain boundaries.
The crystallite sizes, extracted through the FWHM of Raman spectra,

were found to be 23.0-24.9 nm. Additional evidence of the film thickness
was obtained through Ultraviolet-visible (UV-vis) spectroscopy analysis, where
NCBN films showed insulating properties with a wide bandgap ranging from
5.59 eV for thicker films of 17.5 nm to 6.03 eV for atomically thin films of 2.45
nm. After carrying out the characterizations on the films, they manufactured a
device and conducted electrical measurements to confirm that the films do not
conduct electricity. Figure 1.2 (Left panel) shows an optical image of the device,
and the I-V plot for the NCBN indicates that the film is highly non-conductive
(Right panel).

Figure 1.2: Left panel: Optical image of the manufactured device on a NCBN
film. Right panel: I-V plot for the NCBN device, indicating the non-conducting
properties of the films [1].

The transfer-free process allows for easy integration into large-scale
manufacturing of BN with compatible Si-based technology and opens up
other applications for thermally and chemically stable ultrathin non-conductive
coatings.

Xi Chen et al. (2021) also intended to grow h-BN, but applying low-
pressure CVD as a method with boron trichloride (BCl3) and ammonia (NH3)
as precursors, the direct growth of h-BN films on Si <100> substrates was



Chapter 1. Introduction 26

attempted in a deposition temperature range of 1173-1573 K. They investigated
the crystallinity of the as-grown h-BN films by X-ray diffraction (XRD), as a
result the h-BN (0002) peak is present at about 26.7 °, indicating an oriented
growth along the c-axis perpendicularly to the substrate surface.

Including Raman spectroscopy, showing the dominant peaks at 1372-
1382 cm−1, as shown in Figure 1.3 which can be assigned to the E2g vibration
mode of h-BN, also they observed a blue shift in the peaks that could be
caused by the compressive stresses inside the h-BN films. Besides, E2g mode
were analized, they observed a sharpening with deposition temperature rise in
the FWHM, indicating the samples’ crystalline quality. Right panel Figure 1.3
shows the c-axis oriented h-BN films with a micrometer-scale thickness, about
2.3 µm.

Figure 1.3: Left panel: Raman spectra of the h-BN samples grown on Si
substrates by LPCVD at deposition temperatures range of 1173-1573 K. Right
panel: cross sectional SEM images of h-BN films grown on the Si substrate at
1473 K [2].

They finally manufactured a DUV photodetector based on a 2.3-µm-thick
h-BN film, whose on/off ratio is larger than 312 under the illumination of a
UV-enhanced xenon lamp, Figure 1.4 (a) and (b) show the Uv-vis absorption at
5.73 eV and the I-V curve of the h-BN and the shematic of the photodetector.

Figure 1.4: (a) UV-visible absorption spectrum, the inset is optical bandgap on
a quartz substrate. (b) I-V characteristics of the h-BN photodetector (2.3 µm
thick) measured at room temperature in dark and under UV-enhanced, xenon
lamp light irradiation, the inset shows the schematic of the photodetector [2].



2
Structure, Properties and Applications of h-BN

2.1
Structure

Figure 2.1 shows the h-BN atoms configuration of a layered structure
along the c direction representing the layers interacting through the weak Van
der Waals force, the length is 0.6661 nm, which makes it easier to slide the
layers. In each layer, as shown in the right panel of Figure 2.1 B and N atoms
are bonded by a covalent of sp2 with bond length a = b = 0.2504nm, the a⃗1

and a⃗2 are vector of the unit cell for a monolayer [3, 62, 63, 64].

Figure 2.1: Left panel: Crystal structure of h-BN. Right panel: hexagonal
structure of monolayer h-BN, showing the unit cell defined by the lattice
vectors a1 and a2 [3, 4].

Li Song et at. (2010) conducted a study on h-BN films on Copper foils, as
shown in Figure 2.2 (a-c) the high-resolution transmission electron microscopy
(HRTEM) the edges of the films with 2 to 5 layers. The selected area electron
diffraction (SAED), inset Figure 2.2 (a) confirms the hexagonal structure of
the h-BN film, furthermore, the electron energy loss spectroscopy (EELS)
spectrum Figure 2.2 (e) with two visible edges around 180 and 390 eV, proving
that B and N are sp2 hybridized.

In addition to the hexagonal phase, the three-dimensional bulk crystals
of boron nitride (BN) include wurtzite BN (wz-BN), and zinc-blende BN (zb-
BN) structures. The primitive unit cells of these structures are depicted in
Figure 2.3.
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Figure 2.2: Microstructure of atomic layers hexagonal BN. (a-c) HRTEM
images of the film edges, with two to five layers (scale bar 5 nm). The insert
of (a) is the corresponding SEAD of the regions, (d) A typical atomic image of
a h-BN films. The scale bars is 2 nm. (e) The fast Fourier transform pattern
of a region of panel d, (f) EELS spectrum of a h-BN film [5].

Figure 2.3: Crystal structure of (a) wurtzite (wz-BN); and (b) zinc-blende (zb-
BN) crystals [3].

2.2
Properties

2.2.1
Electrical properties

h-BN exhibits a wide band gap, calculations by local density approxima-
tion (LDA) obtained bandgap of about 4.5 eV and GW of 6.0 eV [65] indicating
that it belongs to the wide band gap class of semiconductors. B. Arnald et al.
(2006) also calculated the electronic band structure, along the high-symmetry
points of the Brillouin Zone (BZ) for bulk h-BN, by LDA (solid lines) and GW
(open circles), as shown in Figure 2.4. The results obtained were an indirect
band gap of 4.02 for LDA between the bottom of the conduction band (CB)
and the top of the valence band (VB) at the M point and 6.04 for GW [6].

Figure 2.5 displays the theoretical band structure calculated along the
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Figure 2.4: Phonon-dispersion curve of bulk h-BN calculated theoretically in
the high symmetry points of Brillouin zone (BZ) [6].

points of the BZ for the monolayer h-BN. The energy band is opened at
the bonding and antibonding N−Pz and B−Pz orbitals, therefore, the VB
is projected mainly to the N-s and partly to N-p and B-s orbitals, and the
CB is mostly due to N-p and partly B-p orbitals. Due to the electronegativity
difference between B and N atoms, electrons are transferred from B to N this
character dominates several properties of h-BN including the opening of the
bandgap [3].

Figure 2.5: Left panel: band structure of monolayer h-BN calculated theoret-
ically in the high symmetry points of Brillouin zone (BZ). Are indicated the
Fermi energy EF i. e., the zero of the energy, B−Pz and N−Pz orbitals [3].

Studies conducted by M. Topsakal et al. (2009) [3] obtained 12 phonons
of bulk BN branches in the center of the BZ, using a primitive four-atom cell,
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which allows the infrared (IR) and Raman active modes of 3D BN and h-
BN at the Γ point. As a result, they found that h-BN belongs to D6h (space
group P6/mmm) point group, the irreducible representations at Γ are given
by 2E2g + 2B2g + 2A2u + 2E1u. Where the modes E1u and E2g are doubly
degenerate, the modes B2g and A2u are nondegenerate. The modes E1u and
A2u are IR active, the E2g is Raman active. Finally, B2g is an inactive mode.

In the 2D BN honeycomb structure, the unit cell comprises two atoms,
resulting in three acoustic branches and three optical branches. The symmetry
point group is D3h (space group P − 62m). The optical phonon modes at the
Γ point are denoted by A”2 +2E ′. The A”2 mode is active in the infrared (IR),
while the E ′ mode is active in both the IR and Raman.

2.2.2
Thermal Properties and Mechanical Strength

At room temperature, hexagonal boron nitride (h-BN) exhibits a thermal
conductivity of up to 400 W/mK, which exceeds that of most metals and
ceramic materials. h-BN displays typical anisotropic properties: it has a high
thermal conductivity of 300 W/mK in the direction perpendicular to the c-
axis, a low thermal expansion coefficient of 0−2.6×10−4K−1, and a relatively
high tensile strength of 41 MPa. In contrast, when aligned parallel to the
c-axis, h-BN has a lower thermal conductivity of 20–30 W/mK and exhibits
high compressive strength.

Including, theoretical studies of the mechanical properties revels that BN
layers are extremely strong [66]. Song et al. (2010) conducted measurements
on the mechanical properties of h-BN film using a diamond tip at the center of
each membrane, as illustrated in Figure 2.6 (b). The equation determined the
value of mechanical properties:

F = σ2D(πa)(δ/a) + E2D(q3a)(δ/a)3 (2-1)
Where F- is the applied force, the E2D elastic constant, the σ2D preten-

sion in the film, and a- radio of well. The obtained value for elastic constant
varying from 503 to 223 N/m for samples of thickness of 2.0 to 1.0 nm [5, 64].
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Figure 2.6: (a) Scanning Electron Micrograph of a Large h-BN film spanning an
array of circular holes 1 µm in diameter, and (b) Schematic of nanoindentation
performed on a suspended h-BN membrane [5].

2.2.3
Optical properties

Both experimental and theoretical calculations indicate that 2D h-BN
has no absorption in the visible range but exhibits absorption spectroscopy in
the ultraviolet region and demonstrates good photoluminescence properties.

The optical and fluorescence properties of h-BN have attracted consid-
erable interest over the past decade, particularly since the first observation
of intense far-UV exciton emission. This discovery has highlighted h-BN as a
promising candidate for use in new light-emitting devices [67].

Studies conducted by Blase et al. (1995) theoretically predicted the
bandgap for the bulk BN in hexagonal allotropic form as indirect and calcu-
lated to be 5.4 eV. And for h-BN monolayer sheet calculedt to be 6.0 eV The
optical absorption properties, which are widely used to calculate the bandgap
of semiconductors, can reflect the electronic state of materials. From experi-
ments on h-BN the bandgap energy of the structures ranges from 3.6 to 7.1
eV [67, 64].

Figure 2.7 show an absorption spectra measured by Song et al. (2010)
of the h-BN film. The absorption peak around 223 nm, correspond to a band
gap energy of 5.56 eV. From the absorbance graphic, the optical bandgap can
be calculated using Tauc’s Equation 2-2 [68]. This expression is usually used
for III-V semiconductors (wide bandgap) like h-BN. Hence, the absorption
coefficient adopts the form [69],

α = C
(hν − Eg)1/2

hν
(2-2)

Where C is the proportionality constant, hν is the energy of an incident
photon, while Eg expresses the energy of the optical bandgap.
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Figure 2.7: Typical ultraviolet-visible absorption spectra of h-BN film [5].

2.3
Applications

2.3.1
Substrate to other materials

h-BN has been recognized as a good substrate for graphene, molybdenum
disulfide, and other two-dimensional (2D) nanomaterials, and the performance
of these 2D materials has been improved, therefore, attracting much attention.
The interest arises primarily because of h-BN’s atomically flat surface, which
is free of dangling bonds or charge traps. The heterojunction of graphene/h-
BN structures exhibits high mobility and negligible intrinsic doping, leading
to significant improvements in the switch of the device more than graphene
under SiO2 (graphene/SiO2) substrate. In addition, the graphene/h-BN het-
erostructure serves as a valuable material for studying the intrinsic mechanical
properties of graphene [70].

Lee et al. (2012) utilized chemical vapor deposition (CVD) to prepare h-
BN nanosheets, which were subsequently used as substrates to fabricate thin
film transistors with graphene. The device is illustrated in Figure 2.8. The
presence of h-BN significantly enhances the performance of the transistors.
Specifically, the electron mobility and drain current switching ratios are three
times higher (573 cm2s−1 V −1 at −2 × 1011cm−2) compared to transistors
without the h-BN substrate [7, 70].
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Figure 2.8: Schematic of graphene (GR) device structure with grown h-BN
nanosheets [7]. The mobility of charge carriers in graphene as a function of
carrier density.

2.3.2
Field-effect transistors with h-BN.

h-BN plays a crucial role in packaging various other two-dimensional
materials. Chuang et al. designed a high-performance Field Effect Transistor
(FET) based on p-doped WSe2(Nb0.005W0.995Se2) 2D drain/source electrodes
in contact with an undoped 2D WSe2 channel. To maintain the inherent
electrical characteristics of the channel material, the layers were encapsulated
with h-BN, as shown in Figure 2.9 [70]. The devices were fabricated by stacking
the mechanically exfoliated flakes of the 2D TMDs, the p-doped TMDs, were
used as electrodes placed on top of an undoped TMD channel material using a
dry transfer method. The gate dielectric consists of 40 nm thick h-BN on 280
nm thick SiO2.

The FETs show low contact resistances of about 0.3 kΩµm, high on/off
ratios of above 109, and drive currents of above 320 µAµm−1 [8, 70]. The
requirement of high-κ gate dielectrics is becoming essential as the scaling
of transistors results in unacceptable levels of gate leakage current. The
insertion of h-BN as gate dielectric was observed to result in a reduction in
the subthreshold swing (SS), from 460 mV/dec, to the near-ideal value of 63
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mV/dec. In a classical FET the subthreshold swing is limited by diffusion of
charge carriers, and is a feature of a MOSFET’s current–voltage characteristic
[8].

Figure 2.9: (a) Design and Characteristics of a high performance Field-Effect
Transistor (FET) based on WSe2 with contacts made of 2D/2D, and (b) depict
the optical micrograph encapsulation of the channel region in h-BN from Both
top and bottom within the device [8].

2.3.3
Tribological and lubricant material

B. Padgornik et al. (2014) [71] studied the tribological behavior and
lubrication performance of h-BN as a possible material to replace graphite
in aluminum forming. In metal-forming processes, friction causes issues such
as heat generation, adhesion, and tool wear, therefore, poor surface quality,
requiring the use of suitable lubricants, especially for aluminum and its
alloys. Forming lubricants are required to provide temperature stability, reduce
friction, prevent galling, and surface protection. Graphite is an effective
solid lubricant for aluminum forming but leaves dark stains, requiring extra
polishing. Tests with h-BN powder with three different particle sizes of 0.5,
5.0, and 30µm showed that the best performance was obtained with the 30µm
particle size and higher concentration, demonstrating good lubricant stability
of h-BN and improved surface quality of the formed part.
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2.3.4
Corrosion prevention material

Ventaka et al. (2023) [72] studied the corrosion prevention of iron
substrates, which are vulnerable to corrosion when exposed to aggressive
environments such as acidic and salty conditions. These effects cause structural
failures and reduce the lifetime of components. One way of preventing metallic
surface corrosion is through protective coatings. They focused on using PLD as
a nanoscale manufacturing method for obtaining protective, corrosion-resistant
h-BN coatings directly on Fe substrates. Their primary goal was to investigate
the effects of deposition temperatures on the film microstructure and its related
corrosion properties of h-BN coatings on Fe substrates. Additionally, the
influence of h-BN coating thickness on corrosion properties was also examined.
They confirmed the presence of h-BN phase in the deposited coatings by
Raman, GIXRD, and TEM analysis. Electrochemical studies revealed that the
h-BN coated Fe substrates made at 600°C showed better barrier properties
with lower corrosion rates. The corrosion rates decreased with an increase
in h-BN coating thickness from 35 nm to 115 nm. The corrosion inhibition
efficiency of Fe was improved by 82% with the deposition of a 115 nm thick h-
BN coating. Therefore, the h-BN nanocoatings can serve as protective barrier
coatings in aggressive environments and can potentially be used for various
material coating applications.



3
Theoretical Background

In this chapter, fundamental theoretical aspects of the characterization
techniques used to analyze h-BN films are discussed.

The focus will be on providing a comprehensive understanding of the
methodologies employed to investigate the chemical, structural, tribological,
and optical properties of hexagonal boron nitride (h-BN) films. This includes
an in-depth examination of various analytical techniques such as, Raman spec-
troscopy, Fourier-Transform Infrared Spectroscopy for molecular and structural
analysis, scanning electron microscopy (SEM) for surface morphology charac-
terization.

In addition, the chapter will cover atomic force microscopy (AFM) to
study surface topography and morphology, as well as tribological testing to
evaluate the wear resistance and frictional behavior of the films. Optical prop-
erties will be explored using techniques such as ultraviolet-visible (UV-vis)
spectroscopy to understand potential applications of the films in optoelectron-
ics.

Theoretical background and principles behind each technique will be dis-
cussed, the relevance and significance of the obtained data in the context of
material science and engineering. To provide a solid foundation for the charac-
terization of h-BN films synthesized through chemical vapor deposition (CVD).
This knowledge is essential for advancing the development and application of
these films in various technological fields.

3.1
Fundamentals concepts about Raman Scattering

This section deals with a brief and simplified description of the theory of
Raman scattering. We begin with a discussion of the classical followed by the
quantum mechanical formalism. A short literary discussion on Raman spectra
in h-BN is also shown.

3.1.1
The classical formalism of macroscopic Raman scattering

The Raman effect, discovered in 1928 by the Indian physicist C.V. Raman
demonstrated that the visible wavelength of a small fraction of radiation
scattered by certain molecules differs from that of the incident radiation.
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Raman was awarded the Nobel Prize in Physics in 1930 for his systematic
investigation of this phenomenon.

When light interacts with a medium, various processes, such as transmis-
sion and reflection, can occur. However, only a small fraction of the incoming
light is scattered due to the inhomogeneities of the medium. These inhomo-
geneities may be static or dynamic. These scattering processes can be either
elastic, where there is no change in wavelength, or inelastic, caused by atomic
vibrations that result in changes in wavelength.

Raman spectroscopy is the technique employed to study the inelastic
scattering of light from a medium. This scattering is produced by the inter-
action of light with the same excitation. In a Raman experiment, we measure
the shift in energy between the incoming and inelastically scattered light.

The macroscopic theory of Raman scattering elucidates the interactions
between light and matter, giving rise to a polarization vector. This theory
contemplates an infinite crystalline medium at finite temperature, character-
ized by dielectric susceptibility χ, which represents polarizability. The induced
electric dipole resulting from these interactions can be expressed in terms of
the electric field E of the incident light on the medium as follows [73]:

P = χ · E (3-1)
In this context, the electric field associated with the incident radiation is

expressed as a plane wave, denoted as E(r,t), with amplitude E0(Ki,ωi):

E(r, t) = E0(Ki, ωi)cos(Ki · r − ωit) (3-2)
The polarizability tensor, denoted as χ, should also depend on the

atomic vibrations of the medium, as the atomic positions change over time. To
describe the variations in χ resulting from atomic motion, we assume that the
amplitudes of atomic vibrations at room temperature are much smaller than
the lattice constant of the medium. Consequently, the elements of the matrix
of can be expanded as a function of the generalized coordinate of a specific
vibration mode, Q(r, t), in a Taylor series.

χ(Ki, ωi,Q) ≈ χ0(Ki, ωi) +
(
∂χ

∂Q

)∣∣∣∣∣
0
Q(r, t) + ... (3-3)

Combining Equation 3-1, 3-2, and 3-3, we obtain the following equation:

P(r, t,Q) ≈ P0(r, t) + Pind(r, t,Q) + ... (3-4)
Where P0(r, t) is the polarization vector oscillating with the same fre-

quency as that of the incident radiation, leading to the so-called Rayleigh
scattering (or elastic scattering). Pind(r, t,Q) represents the polarization in-
duced by the vibration of the atoms. To obtain Pind(r, t,Q), a plane wave will
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be introduced to describe the quantized atomic displacement Q(r, t), referred
to as the normal mode of vibration, which is given by:

Q(r, t) = Q(q, ω)cos(q · r − ω0t) (3-5)
Inserting Equation 3-5 into 3-4 and and employing the trigonometric

relation for cosines. The Pind(r, t,Q) term becomes:

Pind(r, t,Q) = 1
2

(
∂χ

∂Q

)∣∣∣∣∣
0
Q(q, ω0)E0(Ki, ωi)· (3-6){

cos((Ki + q) · r − (ωi + ω0)t) + cos((Ki − q) · r − (ωi − ω0)t)
}

The equation Pind(r, t,Q) consists of two sinusoidal waves: a Stokes-
shifted wave with wave vector KS = Ki − q and frequency ωS = ωi − ω0, and
an anti-Stokes-shifted wave with wave vector KAS = Ki + q and frequency
ωAS = ωi + ω0. The radiation produced by these two induced polarization
waves is known, respectively, as Stokes-scattered and anti-Stokes-scattered
light (Figure 3.1). Since the phonon frequency equals the difference between the
incident-photon frequency and the scattered-photon frequency, this difference
is called the Raman frequency or Raman shift (one also speaks of Stokes and
anti-Stokes shifts). Raman spectra are typically plots of the intensity of the
scattered radiation versus the Raman frequency.

Figure 3.1: Rayleigh scattering, Stokes Raman and anti-Stokes Raman scat-
tering [9].
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3.1.2
The Quantum formalism of Microscopic Raman scattering

The microscopic theory involving one-phonon Raman scattering can be
briefly described in three steps:

i. An incoming photon is absorbed by the medium, creating an electron-
hole pair.

ii. The electron-hole pair undergoes inelastic scattering to another state
by either emitting (Stokes process) or annihilating (anti-Stokes process) a
phonon.

iii. The electron-hole pair recombines radiatively back to the ground state
by emitting a photon.

In this process, the electron acts only as an intermediate state, and all
electronic transitions are considered virtual. The initial and final electronic
states are assumed to be the ground state.

The quantum mechanical treatment of Raman scattering can be illus-
trated in light of the Feynman diagram for a Stokes process (Figure 3.2).
This diagram consists of three vertices, each representing a first-order time-
dependent perturbation in the system. The first vertex depicts the initial state
|i⟩ of the system transitioning to an excited state |n⟩ due to electron-radiation
interaction. In the second vertex, the state |n⟩ of the system progresses to the
state |n′⟩ through an electron-phonon interaction. In the third and final vertex,
there is a recombination of the electron-hole pair, and the system reaches the
final state |f⟩ [73].

Figure 3.2: Schematic representation of Feynman diagrams for one-phonon
Stokes and anti-Stokes scattering and the symbols used in drawing Feynman
diagrams [10].

In the first vertex, there is an absorption of a photon with energy ℏωi; in
the second vertex, there is an emission of a phonon with energy ℏωph, and in
the last vertex, there is an emission of a photon with energy ℏωS. These four
states of the system can be defined as:

|i⟩ = |Pi, 0, Pph, ψ0⟩
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|n⟩ =
∣∣∣Pi − 1, 0, Pph, ψ

h
e

〉
(3-7)

|n′⟩ =
∣∣∣Pi − 1, 0, Pph − 1, ψh′

e

〉
(3-8)

|f⟩ = |Pi − 1, 1, Pph − 1, ψ0⟩ (3-9)
The four terms inside the brackets represent the number of incident

photons, the number of scattered photons, the number of phonons, and the
electronic state, respectively. The energies associated with these states are
given by:

Ei = Piℏωi + Pphℏωph + Ev

En = (Pi − 1)ℏωi + Pphℏωph + En
c (3-10)

En′ = (Pi − 1)ℏωi + (Pph − 1)ℏωph + En′

c (3-11)

Ef = (Pi − 1)ℏωi + ℏωS + (Pph − 1)ℏωph + Ev (3-12)
In this context, Ev and Ec represent the energy levels of valence and

conduction, respectively. The phenomenon is often depicted using a Feynman
diagram representation. However, it’s essential to note that the horizontal lines
in this depiction do not signify the electronic energy levels of the system.

∑
n

⟨n|Hlight |i⟩
[ℏωi − (En

c − Ev) (3-13)

To calculate the Raman scattering probability for the process, it is
necessary to consider the first vertex, which contributes with a first-order
perturbation term.

∑
n,n′

⟨n′|Hel−ph |n⟩ ⟨n|Hlight |i⟩
[ℏωi − (En

c − Ev)][ℏωi − ℏωph(En′
c − Ev)] (3-14)

When we multiply the first vertex, associated with the electron-phonon
interaction, by the second vertex, we arrive at a second-order term expressed
as:

∑
n,n′

⟨f |Hlight |n′⟩ ⟨n′|Hel−ph |n⟩ ⟨n|Hlight |i⟩
[ℏωi − (En

c − Ev)][ℏωi − ℏωph(En′
c − Ev)][ℏωi − ℏωph − ℏωS] (3-15)

Finally, we multiply this last equation by the third vertex, which con-
tributes to the emission of a photon. Consequently, we obtain:



Chapter 3. Theoretical Background 41

Praman =
(

2π
ℏ

)∣∣∣∣∣∑
n,n′

⟨f |Hlight |n′⟩ ⟨n′|Hel−ph |n⟩ ⟨n|Hlight |i⟩
[ℏωi − (En

c − Ev)][ℏωi − ℏωph(En′
c − Ev)]

∣∣∣∣∣
2

δ(ℏωi−ℏωph−ℏωS)

(3-16)
Here |n⟩ and |n′⟩ are virtual states with En and E ′

n energy. This equation
is Fermi’s golden rule for a first-order Raman process.

3.1.3
Raman Spectroscopy signature on hexagonal Boron Nitride (h-BN)

As mentioned above, Raman spectroscopy is employed to identify the
lattice vibration frequencies of materials. For h-BN layers, it is reported peaks
ranging between 1364 and 1370 cm−1 correspond to the E2g phonon mode. It
has been observed that, for atomically thin h-BN, the intensity of this peak
is directly proportional to the number of layers (Figure 3.3). In the case of
monolayer h-BN, the peak is blue shifted due to hardening of the E2g phonon,
which results from shorter B-N bonds and indicates compressive stress caused
by the stretching of the film [11].

Figure 3.3: Raman spectra of h-BN film: (a) Raman spectra of h-BN films with
different thicknesses. The inset shows a plot of Raman peak intensity against
the number of h-BN layers. (b) A plot of Raman peak position versus the
number of h-BN layers [11].

In contrast, in bilayer h-BN, a red shift of approximately 2 cm−1 is
observed, attributed to random strain induced during cleavage. The variations
in the peaks observed for monolayer (1368 - 1370 cm−1) and bilayer (1363 -
1367 cm−1) h-BN, as depicted in Figure 3.3 (b), are reported to be caused by
differences in the strain of the film [11].

3.2
Fourier-Transform Infrared Spectroscopy

When an molecule is irradiated with a infrared light, the absorption occur
under certain conditions. The energy hν of the infrared light is equal to the
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difference of energy between a vibrational energy level of the molecule such as
the energy Em and another energy level of vibration of the molecule with an
energy En (Figure 3.4). As given in the form of the following equation,

hν = Em − En (3-17)
This means that the absorption of infrared light occurs because of a

transition between energy levels of molecular vibration. For that reason, an
infrared absorption spectrum is a vibrational spectrum of a molecule.

∆E = hν

Eground

Eexcited

En
e

rg
y

Figure 3.4: Absorption of electromagnetic radiation.

The absorption of infrared light is governed by selection rules; therefore,
transitions that are considered allowed are due to a change in the vibrational
quantum number by ± 1 and other transitions are forbidden transitions [74].

Another selection rule consider the symmetry of the molecule. This
selection rule states that infrared light is absorbed when the electric dipole
moment of a molecule changes in accordance with a molecular vibration.

According to quantum mechanics theory a transition between two states
m to n by absorbing or emitting infrared light is expressed as,

(µx)mn =
∫ ∞

−∞
ΨnµxΨmdQ (3-18)

Also by (µy)mn or (µz)mn relative to the y and z components of the
electric dipole moment which are represented by a similar equation. Where µx

is the x component of the electric dipole moment, Ψ the eigenfunction of the
molecule in its vibrational state, and Q is the normal coordinate or a normal
vibration. Normal vibrations are vibrations of nuclei within a molecule, and
translational motions and rotational motions of the molecule are not included
in normal vibrations.

A given distribution of electrons in the ground state should also depend
on the atomic vibrations of the medium, since the atomic position change over
time. Therefore, the matrix elements can be expanded as a function of the
generalized coordinate Q in a Taylor series by,
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µx = (µx)0 + (∂µx/∂Q)0Q+ 1
2(∂2µx/∂Q

2)0Q
2 + ... (3-19)

Replacing Equation3-19 in Equation3-18, considering that the normal
vibration term Q has a small value, we can neglect the higher order terms.
Therefore, we have:

(µx)mn = (µx)0

∫
ΨnΨmdQ+

(
∂µx

∂Q

)
0

∫
ΨnQΨmdQ (3-20)

The first term refers to the magnitude of the permanent dipole of the molecule,
and is 0 due to the orthogonality of the eigenfunction or ̸= of 0 if m = n. The
second term, both (∂µx/∂Q) and

∫
ΨnQΨmdQ must be ̸= of 0 to satisfy the

two selection rules. So the first selection rule is satified when n = m ± 1,
and the second one that is related with the symmetry of a molecule where
(∂µx/∂Q) ̸= 0 indicates that infrared absorption occurs only when certain
vibration changes the electric dipole moment. A molecule that is infrared
active must undergo a change in its dipole moment when vibrating. Then,
the simplest modes of vibration that are infrared active are stretching and
bending modes [74].

Because most molecules are in the ground state at room temperature,
a transition from the state ν” = 0 to the state ν” = 1 (the first excited
state) is possible. The absorption corresponding to this transition is called
fundamental. Although most bands observed in infrared absorption spectra
arise from the fundamental transition, bands corresponding to transitions from
the state to higher excited states, known as overtone transitions, can also be
found. However, since overtones are forbidden, the resulting bands are very
weak.

The horizontal and vertical axes of an infrared absorption spectrum need
explanation. The horizontal axis represents frequency, indicated in units of
wavenumber (cm−1), with higher wavenumbers always on the left-hand side.
The vertical axis represents either transmittance T (%). While infrared spectra
primarily include absorption spectra, they can also encompass reflectance and
emission spectra [74].

Infrared spectroscopy can be utilized not only for the identification
of functional groups but also for investigating the chemical bonds and the
environment surrounding these functional groups. infrared spectroscopy may
be used for non-destructive analysis of a sample. is applicable to a sample in
various states, e.g., solid, crystal, fibre, film, liquid, solution, and gas.
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3.3
X-ray Photoelectron Spectroscopy

Initially called electron spectroscopy for chemical analysis (ESCA), it
is an experiment that involves the emission of photoelectrons when a light
source impinges a given material, currently known as X-ray Photoelectron
Spectroscopy (XPS). The discovery of this phenomenon was attributed to
Hertz in 1887; in the following years, the experiment underwent improvements,
whereas the explanation only came in 1905 after Einstein clarified the quantum
nature of light. It later came to be called XPS, attributed to Kai Siegbahn as
an analytical tool, who received the Nobel Prize in 1981 "for his contribution
to the development of high-resolution electron spectroscopy" [12].

In the late 1960s to early 1970s, commercial XPS instruments emerged,
owing to the establishment of standardized techniques for achieving Ultra-High
Vacuum (UHV) conditions. Since then, XPS has been frequently used as an
analytical method to investigate the surface characteristics of solid specimens.
The ability of XPS to determine the chemical composition and elemental
chemical states makes it a significant analytical tool in diverse fields such
as microelectronics, metallurgy, heterogeneous catalysis, polymer technology,
and corrosion science [75].

The basic principle of XPS lies in the fact that photons are used to ionize
the surface of a sample, resulting in the ejection of photoelectrons whose energy
can be measured; this phenomenon is called the photoelectric effect.

Figure 3.5 illustrates the physical principles of the photoemission process.
Show the energy-level diagram and the energy distribution of a metal.
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elétrons emitidos. Então, a distribuição das energias cinéticas dos elétrons que

saem da amostra corresponde diretamente à densidade eletrônica de estados na

amostra (ver fig 4.1). Por definição, o ńıvel de Fermi corresponde ao valor de

zero na energia de ligação, e logo a profundidade por baixo do ńıvel de Fermi

representa a energia relativa do ı́on que resta depois da emissão, ou energia de

ligação do elétron.

Além dos fotoelétrons emitidos no processo fotoelétrico, podem ser

também emitidos elétrons Auger devido à relaxação dos ı́ons excitados depois

da emissão. Dado que a emissão de um fóton de raio-fluorescente é um processo

mı́nimo nesta faixa de energia, não foi feita espectroscopia Auger como parte

de esta pesquisa.

Figura 4.1: Isto ilus-
tra a projeção da
densidade de estados
eletrônicos na amostra,
sobre a distribuição de
energia cinética dos fo-
toelétrons. Os elétrons
em estados ocupados
são detectáveis uma
vez que são excitados
acima do vácuo com
elétrons de energia ~ω

4.1.2

Identificação de estados qúımicos

Os vários processos de ionização têm diferentes probabilidades. Além

disto existe uma diferente seção de choque para cada estado final. Devido

a que cada elemento tem um conjunto único de energias de ligação, XPS

pode ser utilizado para identificar e determinar a concentração dos elementos.

As variações das energias de ligação elementares (deslocamentos qúımicos)

aparecem devido às diferenças no potencial qúımico e a polarizabilidade dos

compostos, o que é particularmente útil na análise das amostras descritas em

este documento.

É importante reparar que as probabilidades de interação dos elétrons com

a matéria são muito maiores que as dos fótons, assim, enquanto o comprimento

do caminho dos fótons é da ordem dos micrómetros, o dos elétrons é de

décimos de Angstroms. É por isto que enquanto a ionização acontece em uma

Figure 3.5: Shows the relation of the electronic states density in the sample onto
the distribution of kinetic energy of the photoelectrons. Electrons in occupied
states are detectable once they are excited above the vacuum level by electrons
with energy ℏω [12].
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The Fermi energy EF (The Fermi level corresponds to the zero value in
the binding energy) is at the top of the valence band, and the ϕ is a separation
between the vacuum level Evac and EF .

Therefore, the emitted electrons have kinetic energies EK given by:

EK = hν − EB − ϕs (3-21)

Where hν represents the energy of the X-ray quantum, EB denotes the
binding energy of the core level, and ϕs spectrometer work function.

The fundamental components of an XPS instrument comprise a light
source, an electron energy analyzer, and an electron detector, as shown in
Figure 3.6. Commonly X-ray source are used to irradiate samples beams of Mg
Kα (1253.6 eV) or Al Kα (1486.6 eV).

In situ XPS (high-pressure XPS for catalytic studies) 

3.1 X-ray photoelectron spectroscopy 

History of XPS [8] can be considered to begin in 1887 with discovery of the 

photoelectric effect by H. Herz [9]. Already in 1907 P.D. Innes [10] described a kinetic-

energy spectrum of photoelectrons excited by radiation of an X-ray tube with platinum anode 

and registered by a spectrometer consisting of a magnetic analyzer and photographic 

detection. After development by Kai Siegbahn with colleagues of a high-resolution 

spectrometer, which allowed to measure accurately binding energy of photoelectron peaks 

[11], the goal of using XPS for electronic structure investigation had been realized. 

Subsequently the same group observed the chemical shift effect for binding energy of core-

level electrons [12, 13], which led to development of the whole field of electron spectroscopy 

named ESCA (electron spectroscopy for chemical analysis) [14, 15]. The work of K. 

Siegbahn was awarded by Nobel prize in 1981 "for his contribution to the development of 

high-resolution electron spectroscopy". In 1969-70 commercial XPS instruments began to 

appear thanks to developing routine methods of obtaining UHV conditions. Starting from that 

time XPS can be considered as a widely used method for investigation of the surface of a 

solid sample. The possibility of estimation of chemical composition and of chemical state of 

elements together with a small information depth makes XPS an important method for 

microelectronics, metallurgy, heterogeneous catalysis, polymer technology and corrosion 

science [16]. 

The basic elements of an XPS instrument are a light source, an electron energy 

analyzer and an electron detector as it is drawn on Figure 3-1. 

Figure 3-1 Basic elements of XPS experiment 
according [17]. 
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Figure 3.6: Basics components of XPS experiment, include photon source,
sample to be analyzed, analyzer and a detector [12].

An electron energy analyzer is used with the purpose of measuring the
energy of emitted photoelectrons. Through the analysis of the binding energy
and intensity of a photoelectron peak, one can determine the elemental identity,
chemical state, and quantity of the detected element.

During the early stages of XPS development, magnetic-electron energy
analyzers were employed. However, they were eventually replaced by electro-
static analyzers. Among various types of electrostatic analyzers, such as the
retarding field analyzer, cylindrical mirror or deflection analyzers, and the
hemispherical analyzer, the latter is extensively utilized in modern XPS appli-
cations. This preference is attributed to the superior resolution characteristics
offered by hemispherical analyzers [75].

Figure 3.7 show the electrons initially with kinetic energy EK0, which
are in the detection path, undergo deceleration or acceleration by electrostatic
lenses to reach the analyzer pass energy Ep and are focused onto the inlet slit.
The difference of voltage across the hemispherical electrodes determines the
selection of electrons with kinetic energy Ep. Consequently, photoelectrons are
registered within a narrow kinetic energy range, the width of which defines the
resolution of the analyzer.
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Figure 3.7: A hemispherical electron energy analyzer of XPS instruments.

To generate a spectrum, voltages are swept across the electrostatic
lenses and hemispherical electrodes. Electron detection commonly employs
an electron multiplier of the channeltron type, along with electronic devices
operating in pulse counting mode [12].

3.3.1
Survey spectra of h-BN

The XPS survey spectra are usually applied as primarily way of surface
analysis, providing a comprehensive overview of elemental composition and
chemical states within a sample. The spectra typically cover a broad energy
range, often from 0 to 1200 eV, allowing the detection of core-level peaks
corresponding to various elements, for example carbon (C), oxygen (O),
nitrogen (N), silicon (Si), and others, which depend on the nature of the
sample. Some of the peaks are inherent to the technique, others depend on the
chemical and physical nature of the samples, and some arise from instrumental
effects. To acquire spectra, certain parameters are crucial, such as pass energy,
energy step size, and integration time. These parameters are directly associated
to the resolution, intensity, and signal-to-noise ratio of the spectra. For example
a higher pass energy, around 50 to 150 eV, is used for survey spectra. This
setting sacrifices resolution for faster data acquisition and improved signal-to-
noise ratio.

Including, the energy step size which determines the resolution of the
spectrum indicating a larger energy step size is acceptable due to the focus on
overall elemental composition rather than fine details, and the integration time,
longer integration times are employed to enhance the signal intensity/counts
and reduce noise, especially for elements at lower concentrations.

Figure 3.8 The typical survey spectra of an h-BN sample exhibit distinct
peaks indicative of the elemental composition present. Elements such as B,
C, N, and O are commonly observed. However, it is essential to consider
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the behavior of photoelectrons after their escape from an atom within the
solid. Upon escape, a photoelectron travels a certain distance before reaching
the vacuum or undergoing relaxation processes. Therefore, the electron may
undergo elastic or inelastic collisions with lattice atoms.

Elastic collisions do not alter the kinetic energy of the electron, whereas
inelastic collisions result in a decrease in energy. Inelastically scattered elec-
trons either contribute to the background spectrum or fail to escape the solid,
and these electrons can be counted as lost for XPS analysis. These considera-
tions are crucial for accurately interpreting the XPS data and determining the
elemental composition of the h-BN sample.

Figure 3.8: Survey spectra of an h-BN sample in the spectral range of energy
from 0 to 1000 eV. Are highlighted the interest elements to posterior analysis
[1].

The peaks of primary interest are the B 1s, N 1s, and Si 2p regions as
they provide indications of the elemental composition. This is achieved through
calculations using area quantification methods and the atom sensitivity factor
to obtain atomic percentages.

3.4
Principles of atomic force microscopy (AFM)

The atomic force microscope (AFM) is a member of the class of micro-
scopes known as scanning probe microscopes (SPM), which originated from
the scanning tunneling microscope (STM). This approach was pioneered in
1986 by Binnig, Gerber, and Quate, who demonstrated the concept of AFM
for the first time. AFM images are acquired by detecting the force exerted on a
sharp tip (insulating or not) created by proximity to the surface of the sample.



Chapter 3. Theoretical Background 48

This force is kept small and at a constant level with a feedback mechanism
[76].

Since its invention, AFM has been used in all fields of science, such
as chemistry, biology, physics, materials science, nanotechnology, astronomy,
medicine, etc.

Figure 3.9 shows a schematic of an AFM showing the fundamental
components. Including the scanning unit, which moves the cantilever with a
sharp tip across the sample surface, the tip is generally made of silicon or silicon
nitride (Si3N4). It approaches the sample in a range of interatomic distances
(around 10 Å), an optical detection system that measures the deflection of
the cantilever corresponding to a four-quadrant photodiode detector, and the
feedback electronics responsible for maintaining a constant force between the
tip and the sample [77].

Figure 3.9: The schematic illustrates an Atomic Force Microscope components.
A sharp tip mounted on the end of a cantilever, a position-sensitive photodiode,
laser diode, sample to be measured, sample holder (base), piezo scanner are
shown.

3.4.1
AFM operation modes

AFM operates in three primary working modes, depending on the sep-
aration between the tip and the sample surface: contact mode (also known
as repulsive mode), non-contact mode (also known as attractive mode), and
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intermittent-contact, in this mode, the AFM probe’s oscillation is large enough
to move from the repulsive regime, through the attractive regime. The contact
and non contact are represented in Figure 3.10.

~10 Å

~3-20 nm

Tip atomsTip atoms

Surface atoms

Surface atoms

a) b)

Figure 3.10: Two modes of operation are depicted. Small circles represent
sample atoms, and dotted lines represent the contour of constant force. a)
Contact mode and b) Non-contact mode.

In contact mode, the tip is brought atomically close to the sample surface,
allowing for direct interaction between the tip and the atoms/molecules on the
surface. This proximity enables the attainment of atomic resolution, providing
detailed information about the surface topography and properties of the
sample.

Due to the close proximity in contact mode, atomic force interactions can
be significant enough to cause modification of both the tip and the sample,
which is generally undesirable. Figure 3.11 shows the force-distance curve on
y and x (axis) are the plot of the force vs. distance, this curve is measured by
monitoring the deflection of the cantilever.

determine tip–sample interactions, and is the basis for several non-topographic AFM

modes, such as force spectroscopy and nanoindentation. More information about the use

of such capabilities of force–distance curves, and how they are converted from deflection

to force is given in Section 3.2.1, and Section 4.5, respectively.

Considering the approach curve shown in Figure 3.2, when the tip is far from the

sample surface, the cantilever is considered to have zero deflection; as the tip appr-

oaches the surface, it normally feels first an attractive force, and a ‘snap-in’ occurs, as

the tip becomes unstable and jumps into contact with the surface. As the instrument

continues to push the cantilever towards the surface, the interaction moves into the

‘repulsive’ regime, i.e. the tip is now applying a force to the sample, and the sample

applies an opposite force to tip. In this regime, a combination of cantilever bending and

sample compression will be occurring according to the relative compliances of the

sample surface and AFM probe. If the direction of movement is reversed, the interaction

passes again into the attractive regime, and the tip stays on the surface until instability

occurs once more, and the tip snaps off the surface. It is within the repulsive regime that

contact-mode imaging usually occurs (for example, at the point labelled ‘set-point’ in

Figure 3.2). In other words, in contact-mode AFM, the tip of the probe is always

touching the sample. This has the following important implications for contact-mode

AFM:

1. As a result of the repulsive force between the tip and the sample, the sample may be

damaged or otherwise changed by the scanning process.

2. Conversely, the tip could also be damaged or changed by the scanning process.

3. As the tip and sample are constantly in contact with each other as the tip moves along

the sample, in addition to the normal force they apply to each other, lateral forces are

experienced by both probe and sample.

4. The contact between the tip and the sample means that the nature of the sample

surface may affect the results obtained. This means that the technique can be

sensitive to the nature of the sample.

Fig. 3.2. Simplified force–distance curve showing contact (repulsive region) scanning regime.

A deflection–distance curve, which is the raw data from which a force–distance curve is measured,

has a similar shape. Right: illustration of probe bending in each regime.
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Figure 3.11: The force-distance curve for contact (repulsive region) mode
scanning regime. The deflection-distance curve, may be converted to a force-
distance curve, both have a similar shape. Right: illustration of probe bending
[13].

The tip deflection is a result of tip-sample interaction, therefore, the
deflection vs. distance curve, may be converted to a force-distance curve. In
this regard, the cantilever can be thought as a spring, in which the quantity
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of the generated force between the tip and the surface depends on the spring
constant (stiffness) of the cantilever and the distance between the tip and the
surface. This force can be characterized as Hooke’s Law.

F = −k ×D (3-22)

Where, F - force (N), k- probe force constant (N/m) and D- deflection
distance m. Equation 3-22 shows that a probe with a high force constant means
a stiff cantilever or a greater deflection; therefore, a higher set point will result
in a higher applied force. The feedback system is used to control the cantilever
deflection at a certain value called a set-point.

In contrast, non-contact mode maintains a relatively larger separation
between the tip and the sample. In this mode, long-range interaction forces
such as Van der Waals force, magnetic force, or electrostatic force are measured
without the risk of altering the tip or sample.

One of the limiting factors for non-contact mode in air is the contamina-
tion layer present on most surfaces under ambient conditions. In general, the
presence of this layer means that the probe-surface interaction forces are gov-
erned by the capillary forces between the probe and the contamination layer.
Non-contact AFM is therefore conducted in the attractive regime, as depicted
in Figure 3.12. Non-contact or close-contact AFM is a widely applied technique
and can be used to image almost any sample in AFM [77, 13].

cantilever mass, and k is the spring constant. But an additional force f from the surface

means that the new resonant frequency ø0
0 is given by:

ø0
0 ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffi
k � f 0

p
ð3:2Þ

where f ’ is the derivative of the force normal to the surface [109].

The important point here is that either the change in amplitude or the change in phase

(which actually derives from the change in frequency) may be used in the feedback circuit

to maintain the tip at a fixed distance from the sample surface. The name non-contact AFM

is actually quite misleading. All AFMmodes involve the probe moving into the force field

of the sample surface, including ‘non-contact’ AFM. At the sort of distances involved, it is

impossible to say at which point contact occurs. Further misunderstanding is caused by the

fact that a number of other names have been used for dynamic AFMmodes, and there is no

clear consensus on the correct terms to use, so there is great scope for confusion. Here we

use the term non-contact-mode AFM to mean AFM carried out in the attractive regime,

typically using small amplitudes of oscillation. Section 3.1.2.2 deals with dynamic modes

that pass into the repulsive regime, which we choose to call intermittent-contact mode.

Non-contact-mode principles of operation
Typically, non-contact mode is carried out in amplitude modulation mode, and the error

signal may be either the amplitude or phase of oscillation of the tip. To avoid the

possibility of slipping into the repulsive regime which is likely to damage or contaminate

the tip [110], a high-frequency cantilever is typically used with ø0 in the range of

300–400 kHz. In addition, small oscillation amplitudes are used, often of the order of

10 nm [111]. As with all dynamic modes of operation, scanning speed is usually lower

than in contact mode, although the high frequencies and small amplitudes mean scanning

speed can often be greater than in IC-AFM. When used in UHV conditions, frequency

modulation is usually used [108].

Applicability
Non-contact, or close-contact AFM is a very widely applied technique, and can be used for

imaging of almost any sample in AFM. It is currently used less often than intermittent

Fig. 3.7. Operating regime for non-contact AFM. With a small amplitude and stiff cantilever, the

probe can oscillate within the attractive regime only.

58 afm modes

Figure 3.12: The force-distance curve for non-contact (attractive regime) AFM
[13].

By using a highly stiff cantilever and monitoring the dynamic effects
of the attractive force (i.e., the change in oscillation) in this regime, it is
possible to keep the cantilever very close to the surface without transitioning
to the repulsive regime. Changes in oscillation amplitude and phase can be
observed in this regime. These effects are caused by a change in the cantilever’s
resonant frequency, which is, in turn, caused by forces from the surface (usually
attractive Van der Waals forces) acting on the tip.



Chapter 3. Theoretical Background 51

Finally, the intermittent contact mode involves the tip coming into
intermittent contact with the sample, leading to very strong short-range force
contributions close to the sample. In tapping mode, the constant driving
frequency is usually selected at or very close to the resonance frequency of
the free cantilever. This means that this mode of operation is less destructive
than the contact mode.

In this case, the feedback is usually based on amplitude modulation and
the tip-sample interaction passes through the attractive regime, and into the
repulsive regime, as shown in Figure 3.13.

(ii) Due to the movement of the tip perpendicular to the surface as it scans, lateral

forces are (almost) eliminated.

(iii) The tip passes through the contamination layer (see Figure 3.11).

(iv) Tip–sample contact also allows some sensing of sample properties.

(v) The feedback system requires the collection of adequate data to characterize the

cantilever oscillation in terms of its amplitude.

Points (ii) and (iii) above explain the popularity of IC-AFM. The lateral forces which can

cause great problems in contact-mode AFM do not affect IC-AFM. On the other hand, the

fundamental instability of non-contact AFM in air (due to operation in the attractive

regime, and the presence of the capillary layer) is overcome, making IC-AFM somewhat

simpler to achieve. In IC-AFM, the restoring force of the cantilever withdraws the tip from

the contamination layer in each cycle, thus reducing the effect of capillary forces on the

image.

Fig. 3.10. Intermittent-contact operating regime. In this mode, the AFM probe’s oscillation is large

enough to move from the repulsive regime, through the attractive regime, and completely out of

contact in each cycle.

Fig. 3.11. Intermittent-contact-mode imaging conditions in air. The probe passes through the

contamination layer to touch the substrate surface, and out again.
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Figure 3.13: Intermittent-contact operating regime. In this mode, the AFM
probe’s oscillation is large enough to move from the repulsive regime through
the attractive regime [13].

Therefore, the electronic feedback loop maintains the oscillation ampli-
tude constant, ensuring a consistent tip-sample interaction throughout the
scan. This mode eliminates frictional force by intermittently contacting the sur-
face and oscillating with sufficient amplitude to prevent it from being trapped
by adhesive forces. Then, intermittent-contact mode is a widely applied tech-
nique and is currently the most widely used technique for imaging in air [77, 13].

3.5
Wettability

Studies related to wettability began in the 19th century when Thomas
Young, in 1805, derived an equation based on the idea of force equilibrium.
Figure 3.14 schematically illustrates the definition of the contact angle between
two surfaces, considering a smooth and a rough surface [78, 79].

Every material has the ability to retain or repel water molecules. This
condition is commonly referred to as wettability, which has two defined states:
hydrophilic and hydrophobic. The wettability of a material can be determined
by calculating the angle formed between a droplet of any liquid and the solid
surface. [78, 80].
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Figure 3.14: Wetting model diagram: (a) Young’s model; (b) Wenzel’s model

To define the wettability states, we use the magnitude of contact angles
as follows: when angles are less than 90◦, surfaces are termed hydrophilic;
for angles ranging from 90◦ to values near 120◦, surfaces are considered
hydrophobic. For contact angles exceeding 120◦, surfaces are referred to as
superhydrophobic.

In any process involving the wetting of a solid by a liquid, three distinct
interfacial boundary surfaces, specifically, solid-liquid, solid-air, and liquid-air
are implicated. These surface relationships are contingent on the conditions
of the problem and may evolve gradually as wetting progresses. The Young
equation correlates the contact angle (θ) between a solid surface and the liquid
with the surface tensions and is given as follows [79, 80]:

γLV cosθ = γS − γSL (3-23)
Here, (γLV ) is the liquid-vapor interface, (γSL) is the solid-liquid interface,

and (γS) is the solid-vapor interface. This theory is only applicable to a
completely smooth surface with uniform chemical and nonelastic properties, as
shown in Figure 3.14 (a). However, such a surface does not exist. The Wenzel
model was introduced to address this limitation, suggesting that droplets will
become tiny grooves when in contact with a rough surface. Consequently, the
droplets expand the contact area beyond the apparent area of contact (see
Figure 3.14 (b). Equation 3-24 [80]:

cosθW = rcosθ (3-24)
where θW is the apparent contact angle, r is the roughness factor and θ

is the contact angle of a water droplet on a homogeneous surface.
Given that each interface has its unique surface energy content, wetting,

accompanied by alterations in the extent of each interface, results in a net
decrease or increase in the total surface energy. Wetting is, therefore, a
thermodynamic process, and the extent of the free energy change dictates
whether wetting will occur spontaneously, at what rate, and to what extent it
can advance against external forces that may resist it. Conversely, it determines
the magnitude of the external force required to overcome the initial resistance
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to wetting [81].
Hydrophilic surfaces are characterized by a high level of surface energy,

whereas hydrophobic surfaces possess low surface energy. The adhesion be-
tween materials depends on their respective energies, specifically, the higher
the energy, the better the adhesion between materials [81]. Figure 3.15 depicts
two images of water droplets on the uncoated Si substrate and thin films of
h-BN deposited under different conditions, showcasing the hydrophilic and hy-
drophobic characteristics of uncoated Si and Si coated with h-BN thin films.
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Figure 5: AFM images of h-BN films with scan size of 1µm2. Height scans for the samples 

grown at 1100°C, (a) 5 minutes the respective RMS = 8.39 ± 3.05 nm, (b) 10 minutes the 

respective RMS = 6.79 ± 1.34 nm and (c) and 20 minutes the respective RMS = 3.67 ± 1.58 

nm. The height of the “hillock” (d) is also shown taken from (b) indicated by the arrow.  

 

 

 

 

 

 

 

 

Figure 6: Water droplets on bare Si and on the Si substrate coated with h-BN films at 10 min 

of growth time deposition. (a) bare Si - ϴ = 61.0°±1.0, and (b) 10 min - ϴ = 105.0°±5.0. 

 

a) b) 

c) d) 

(a) (b) 

ϴ 

Figure 3.15: Water droplets on bare Si and on the Si substrate coated with
h-BN films at 10 min of growth time deposition. (a) bare Si - θ = 61.0◦±1.0,
and (b) 10 min - θ = 105.0◦±5.0.

3.6
Scanning Transmission Electron Microscopy (STEM)

The Scanning Transmission Electron Microscope (STEM) was designed
by Manfred von Ardenne in 1937-1938. He demonstrated an image of ZnO
crystals with a resolution of 40 nm in the same direction as the horizontal
scan. These results were published in 1938.

After a few years, he made improvements that allowed a four-fold increase
in resolution, reaching 10 nm. These enhancements were achieved by arranging
the detector for bright-field or dark-field imaging in transmission and for
reflection or secondary imaging of solid surfaces. Von Ardenne’s motivation
for developing the STEM was that transmitted electrons did not need to be
refocused to form a high-resolution image; they merely needed to be detected.

Consequently, the resolution of a STEM image would not be degraded
by the chromatic aberration of the imaging lenses, as was the case with TEM.
The optical configuration of the STEM is shown in Figure 3.16 where the
components include a series of lens to focuses the beam to form a small
spot incident upon a thin sample that is electron transparent. Typical STEM
samples, including tissue sections, lamella, and nanoparticles with a thickness
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on the order of 100 nm or less, require the criteria for electron transparency
[14].

Figure 3.16: Schematic diagram of the major STEM components [14].

The lenses are configured to provide sufficient demagnification (reduction
of the diameter of the electronic beam) of the finite-sized electron source in
order to form an atomic-scale probe at the sample. Therefore, the first two sets
of lenses are called condenser lenses, the lenses slightly above the specimen
are called objective lenses, which provide the largest demagnification step.
In addition, the objective aperture has two significant considerations, which
control the diffraction limit allowing the smallest spot, and limits the amount
of beam current due to the loss of electrons that do not pass through the
aperture. In STEM, images are built up pixel by pixel by scanning the beam
across a fixed field of view using scan coils. Therefore, the magnification is
controlled by the size of the scanned area.

The signals collected most frequently in the STEM are the following:

– Bright Field (BF)- Transmitted electrons that leave the sample at
relatively low angles with respect to the optic axis (smaller than the
incident beam convergence angle).

– Annular Dark Field (ADF)- Transmitted electrons that leave the sample
at relatively high angles with respect to the optic axis, typically several
times the incident beam convergence angle.

– Electron Energy Loss Spectroscopy (EELS)- Transmitted electrons that
have lost a measurable amount of energy as they pass through the sample,
forming a spectrum based on the energy lost.

– Energy Dispersive X-ray Spectroscopy (EDX)- X-rays generated from
electron excitations in the sample.
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The electrons contributing to STEM images can be finely controlled by
varying the camera length and inserting various detectors, Figure 3.17
show various STEM detectors.

Figure 3.17: Schematic of the various electron detectors in a STEM [15].

3.7
Scanning Electron Microscopy (SEM)

The development of scanning electron microscopy began with the work of
M. Knoll in 1935, which detailed the conception of the SEM. The first scanning
electron microscope designed for observing thick samples was constructed
in 1942 at the RCA laboratories, utilizing a secondary electron detector to
produce the image.

The major components of a scanning electron microscope (SEM) are in
the electron column, as shown in Figure 3.18. The electron column consists of
an electron gun and two or more electron lenses, which influence the paths of
electrons traveling down an evacuated tube. The base of the column typically
contains vacuum pumps that produce a vacuum of about 10−4 Pa. The control
console includes a cathode ray tube (CRT) viewing screen, along with the
knobs and computer keyboard that control the electron beam.

In the opto-electronic column are located the electron gun, which gener-
ates the primary electrons; the condenser lenses, which collimate the primary
electron beam; the coils, which deflect the primary electron beam horizontally
and vertically over a given region of the sample, also the coils that correct
for astigmatism, and the electron detector which is positioned to capture sec-
ondary electrons emitted from the sample surface, enabling image formation.
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The entire column must be under vacuum during the emission of the primary
electron beam [82].

The lens at the final of the column is the objective lens, close to the
specimen, whose primary function is to focus the image by varying the focal
distance of the electron beam along the optical axis (Z-axis) of the column.
This lens typically contains the deflection coils, the astigmatism correction
coils, and the final aperture.

Figure 3.18: Schematic of the electron column showing the electron gun, lenses,
the deflection system, and the electron detector [16].

The electron gun generates electrons and accelerates them to an energy
range of 0.1-30 keV (100-30,000 electron volts). The spot size from a tungsten
hairpin gun is too large to produce a sharp image unless electron lenses are
used to demagnify it and create a much smaller focused electron spot on the
specimen. Most SEMs can produce an electron beam with a spot size of less
than 10 nm (100 Å) at the specimen, containing sufficient probe current to form
an acceptable image. The beam emerges from the final lens into the specimen
chamber, where it interacts with the specimen to a depth of approximately 1
µm, generating the signals used to form an image.

3.8
Ultra Violet visible spectroscopy

In optical spectroscopy the absorbed or emitted radiation of frequency
or wavenumber is governed by the relationship given by Equation 3-17, known
as the Bohr-Einstein frequency. This relationship establishes a connection
between the discrete atomic or molecular energy states Ei and the frequency
ν of the electromagnetic radiation.

UV-vis and IR spectroscopy exploit the interaction of electromagnetic
(EM) radiation with matter, as discussed in the previous section. In both
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techniques, the absorption of EM radiation is utilized to identify molecules
by considering their characteristic spectra. UV-vis spectroscopy yields spectra
with broad electronic signals, while IR spectroscopy, due to the narrower energy
separation of vibrational bands, offers more detailed spectral information [83].

The process of UV-Vis radiation absorption by a molecule can be
illustrated using a Jablonski diagram, as shown in Figure 3.19. Electronic
energy levels are represented by horizontal lines: S0 being the lowest level,
S1 the first excited state, and S2 the second excited state. The vibrational
levels, indicated as ν = 0, 1, 2, 3 are associated with each electronic state.
Upon absorbing a photon that resonates with the energy gap between the
ground state and an excited state, the molecule is excited to a vibrational
level within the excited electronic state. This process is illustrated by the
blue and purple arrows. However, the states ν ′ = 1, 2, 3 are unstable and
immediately relax to the vibrational ground state ν ′ = 0 via a nonradiative
process called intermolecular collisions or internal conversion (IC), shown as
wavy black arrows. Another relaxation process involves the emission of a
photon, a radiative process, which occurs between electronic levels, indicated
by the green arrow (hνF ), which represents fluorescence. Both processes are
related to singlet states, while the phosphorescence process occurs at the triplet
(T1) state (hνp) [83].

Figure 3.19: The Jablonski diagram for a hypothetical molecule illustrates var-
ious photophysical processes. It depicts the absorption of a photon (indicated
by purple and green arrows, thermal (non-radiative) relaxation processes in-
cluding internal conversion (IC) and intersystem crossing (ISC) (represented
by black arrows), fluorescence (yellow arrow), and phosphorescence (red ar-
row).
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3.9
Tribology

Tribology refers to the scientific and technological study of two surfaces
that interact in relative motion, together with associated subjects and prac-
tices. Its common equivalents are friction, wear, and lubrication. Coined in
1966, the term "tribology" originates from the Greek word "tribos," meaning
rubbing, hence its literal translation as the science of rubbing.

The emergence of novel techniques to investigate surface topography,
adhesion, friction, wear, lubricant film thickness, and mechanical properties
at micro- to nanometer scales, permits advancements in imaging lubricant
molecules for atomic-scale simulations and has given rise to a new domain
known as microtribology, nanotribology, molecular tribology, or atomic-scale
tribology. It focuses on phenomena related to adhesion, friction, wear, and
thin-film lubrication at sliding surfaces.

The components utilized in micro and nanostructures are extremely
lightweight, typically on the order of a few µg, and function under very light
loads, ranging from a few µg to a few mg. Consequently, the friction and
wear experienced by lightly loaded micro/nanocomponents, particularly at the
nanoscale, are influenced by surface interactions spanning only a few atomic
layers. Typically, these structures are lubricated using molecularly thin films.

Friction is commonly quantified using a coefficient denoted µ, which
is defined as the ratio of the friction force Fr to the normal force (FN)
acting perpendicularly to the surfaces in contact. Mathematically, this can
be expressed as:

µ = Fr

FN

(3-25)

Where, µ is the coefficient of friction, Fr is the frictional force opposing
motion or relative sliding between the surfaces, and (FN) is the normal
force exerted perpendicular to the surfaces in contact. With regard to wear,
it is essential to determine the volume rate of wear and to establish the
conditions under which catastrophic failure may occur due to wear. This
involves understanding the mechanisms of material loss and the factors that
can lead to significant degradation of the interacting surfaces over time. The
fundamental problem in all studies on friction is determining the coefficient of
friction, however it is normally very difficult to predict the value of µ and the
wear characteristics of the two surfaces. The reason for this lies in the extreme
complexity of the surface phenomena involved in tribology. Three types of
surface characteristics contribute to this complexity:

(1) Surface Geometric Structure: Physical topography and roughness of
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the surfaces in contact.
(2) Nature of Surface Forces: The interactions between surface molecules,

including adhesive and repulsive forces.
(3) Material Properties of the Surface: The intrinsic properties of the

materials making up the surfaces, such as hardness, elasticity, and chemical
composition.

Therefore, the tribological literature contains many friction and wear
theories that are applicable on different length scales, from macroscopic to
atomic scales. Furthermore, a single unifying theory of tribology has not yet
been developed. Figure 3.20 (a) shows two surfaces in contact, that is, under a
static compression force of FN . Both exhibit multiscale roughness, so contact
will only occur at discrete points that sustain the full compressive force. In
this case, the contact between the surfaces is spatially randomly distributed
along the interface and the difference in spot size occurs due to the multiple
roughness scales.

Figure 3.20: (a) A schematic diagram of two surfaces in static contact shows
that the contact occurs at only a few discrete contact spots, and (b) two
surfaces in sliding contact, therefore the interfacial forces act on these contact
spots [17].

On the other hand, when the two surfaces slide against each other, a
term related to the resistive tangential force, or frictional force, appears due
to the force interactions between the two surfaces that act only at the contact
spots, as shown above. It is reasonable to consider that the tangential force
depends on the spot size since they are connected by the solid bodies that can
support some elastic or plastic deformation.

One can imagine the contact spots to be connected by springs, where
the spring constant depends on the elasticity or plasticity of the contacting
materials. Since the number of contact spots is very large, the springs form
a highly complicated dynamic system. Finally, the basic problem of tribology
can be divided into the following aspects: determining the size and spatial
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distribution of contact spots, which depend on surface roughness, normal load,
and mechanical properties, finding the tangential surface forces acting at each
contact spot, and determining the dynamic interactions between these contact
spots. That means evaluating the cumulative effect of these interactions in
terms of the friction force [17].

3.10
Chemical Vapor Deposition - (CVD)

The Chemical Vapor Deposition (CVD) technique, a bottom-up approach
it is widely employed for nanomaterial synthesis on solid substrates, stands out
for its superior control over the fabrication of nanomaterials when compared
to other synthesis methods. In Figure 3.21 shows a schematic representation of
a typical furnace. The CVD exhibits various variations, including atmospheric
pressure chemical vapor deposition (APCVD), low-pressure chemical vapor
deposition (LPCVD), plasma-enhanced chemical vapor deposition (PECVD),
and metal-organic chemical vapor deposition (MOCVD) [84].

Figure 3.21: Illustrates the setup utilized for the CVD process. The Si <100>
substrate is positioned at the center of the hot zone within the furnace, ensuring
optimal exposure to the precursor gases for h-BN film deposition.

In the CVD process, the substrate is exposed to one or more volatile
precursors. These precursors undergo reactions and/or decomposition on the
substrate surface, leading to the formation of a thin film deposit. This ma-
terial could be a metal, semiconductor, alloy, nanocomposite, or refractory
compound. The process extends to the growth of diverse nanosheets such as
graphene, h-BN nanosheets, Transition Metal Dichalcogenides (TMDs), metal
carbides, borophenes, antimonene, and silicene. Fine-tuning of the growth of
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nanomaterials is achievable by adjusting the CVD parameters, including sub-
strate type, precursors, catalysts, and temperature. Typically carried out at
high temperatures and in a vacuum within a reactor [85].

The CVD synthesis process brings forth notable advantages, yielding
high-quality, high-purity nanomaterials with precisely controlled properties.
This control extends to manipulating the morphology, crystallinity, and defects
of the nanostructures through parameter adjustments. Consequently, certain
nanomaterials such as graphene MoS2 and h-BN have been conveniently
prepared using this method [86].

The technique facilitates the mass production of materials with high
crystal quality, purity, and limited defects on substrates. Applications of 2D
nanomaterials prepared using CVD span various fields, including electronics,
optoelectronics, and solar cell devices. Despite its advantages, the CVD tech-
nique encounters challenges, including the requirement for high temperatures,
a high vacuum environment, and specific substrates [87, 86].

3.11
Ultrasonic bath

The ultrasound technique employed in this thesis is utilized for cleaning
various components such as tweezers, substrates, quartz crucible, metallic
components of CVD connections, etc. The cleaning process is based on a
method of cleaning that uses high-frequency sound waves. Figure 3.22 shows a
schematic that comprises the following components:

– Ultrasonic Cleaning Tank: This tank serves as the vessel that contains
the ultrasonic bath fluid and the objects targeted for cleaning.

– Ultrasonic Generator: The generator is responsible for converting alter-
nating current (AC) electrical energy into ultrasonic frequency waves.

– Ultrasonic Transducer: The transducer plays a crucial role in converting
the electrical signal from the ultrasonic generator into mechanical energy,
which is then transmitted as ultrasonic waves into the cleaning solution.

It should be noted that contaminants that can be effectively removed
by ultrasonic cleaning include dust, dirt, oil, grease, pigments, flux agents,
fingerprints, and polishing compounds [18].

The efficiency and quality of ultrasonic cleaning can be expressed as
follows:

∆G
G

= 1 − exp(−Qt0.5)

The symbols ∆G and G denote the quality of the cleaned dirt and the
original dirt, respectively. While, t represents the duration of the cleaning
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28Khz, and the heating power is 1000W; 12 transducers are installed at the bottom. When the ultrasonic 

cleaner was filled with enough water, the container containing the solvent and the PV modules was 

placed in the washer for ultrasonication. The disposing of backsheets was carried out at different 

temperatures (30, 50, 70℃) and ultrasonic powers(180W, 360W and 720W).  

 

Figure 3. The schematic of the ultrasonic cleaner. 

2.3  Analytical method 

When the treatment time was the same, the separation rate (S) is used to evaluate the separation effect 

according to the following formula:. 

s =
𝐴

𝐵
 

where A is the total area of separated backsheet, and B is the total area of the backplane(125*135mm2). 

3. Results and discussion 

3.1 Effect of power 

Figure 4 shows the separation of PV module backsheets at different ultrasonic powers (720W, 

360W,180W). The experiments were conducted at 50℃, the solvent concentration is 50%. For benzyl 

alcohol (Fig. 4(a)) and butanone (Fig. 4(b)), the separation effect was enhanced with the increase of 

ultrasonic power. As shown in Fig. 4 (a), when the ultrasonic power was 720 W, the backsheet could be 

completely separated within 210min. As the ultrasonic power was decreased to 360w or 180w, the 

separation was less effective, there was almost no separation of the backsheet. This may be due to the 

better solubility of benzyl alcohol, and as the power increases, the OH radicals generated by the 

cavitation of the aqueous solution became more and more, and the dissolution of EVA in benzyl alcohol 

was promoted [9]. When 50% butanone was employed (Fig. 4(b)), the separation of the backsheet was 

almost the same in the first 60 minutes, but there was a huge difference later. The separation rate 

increased significantly with the increase of ultrasonic time and power. After 240 minutes, the separation 

rates were 67.59% (360w) and 6.54% (180w), respectively. At a power of 720w, the separation rate 

increased sharply with the increase of the disposing time, and the backsheet was completely separated 

in 210 minutes. Its explanation may be that, first, butanone itself is a strong solvent, and secondly, as 

the power increases, the cavitation rate increases, the molecular collision speed increases, and a large 

impact force is applied to the interface, which may cause molecular chain breakage [10]. In formic acid 

(Fig. 4(c)) and acetic acid (Fig. 4(d)), the separation rate of backsheets was poor at different power levels, 

and almost no separation was found. The low separation rate is mainly due to the week diffusion and 

Figure 3.22: Left: the schematic depiction of the ultrasonic cleaning apparatus
illustrates key components, including the immersed sample within the solvent,
the water bath contained within the tank, and the transducer [18]. Right:
ultrasonic cleaner in the Laboratório de Revestimentos Protetores e Materiais
Nanoestruturados at PUC-Rio.

action, and Q stands for the cleaning efficiency coefficient. The variable Q
is related to other acoustic parameters, including ultrasonic frequency, power,
distribution of the ultrasonic field, properties of the cleaning solution, duration
of the cleaning action, shape of the dirt to be cleaned, acoustic characteristics,
among others.

A higher value of Q signifies better cleaning quality and higher cleaning
efficiency. This indicates that optimizing acoustic parameters and other influ-
encing factors can lead to more effective removal of contaminants and improved
cleanliness results during ultrasonic cleaning processes [88].



4
Methodology

In this chapter, we describe the materials and experimental methodolo-
gies utilized, following established protocols for substrate and material cleaning
procedures, as well as the optimal parameter conditions employed during the
deposition process of h-BN films.

4.1
Materials and methods

The deposition of hexagonal boron nitride (h-BN) films involved the
utilization of the following materials, and equipment:

– A one-inch quartz tube.

– A quartz crucible designed to accommodate the precursor.

– The precursor source consisting of Borane-ammonia complex (AB), ac-
quired from the corporation SIGMA-ALDRICH, serving as the primary
supplier of B and N.

– Analytical balance unibloc AUW220D, Shimadzu Corporation to weigh
the precursor powder.

– A Silicon substrate of type p oriented along the <100> crystal plane,
possessing a thickness of 500±15 micrometers (µm).

– A chemical vapor deposition furnace (CVD) connected to a mechanical
pump with a specified flow rate expressed in cubic meters per hour (70
m3/h), together with digital mass flow controllers (MFC) to regulate the
precise flow of gases.

– An ultrasonic cleaning apparatus was utilized for the cleaning of sub-
strates and materials.

– A computer system configured for interfacing with hydrogen (H2) and
argon (Ar) MFC’s via an Internet Protocol (IP) address, enabling digital
control and monitoring of gas flow parameters.

– Resistive tape affixed to a voltage regulator (variac) capable of generating
up to 250 Volts (V), used for the sublimation process of the precursor
material.
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4.2
Borane - ammonia complex (AB) Precursor

In this thesis, AB (BH3NH3), is employed as the precursor source of B
and N atoms. It was purchased from Sigma-Aldrich Corporation (97% pure).
The AB has proven to be a successful single source solid precursor for the
production of high-quality h-BN films. This success is attributed to its intrinsic
1:1 B/N stoichiometry, which facilitates the formation of large single crystal
domains [49].

Consequently, AB has been utilized as a precursor for the controlled syn-
thesis of h-BN layers. Upon decomposition, the AB precursor yields hydrogen
(gas), monomeric aminoborane (solid), and borazine (gas), allowing controlled
synthesis [50].

Despite these advantages, AB as a solid precursor presents notable
benefits, particularly in terms of chemical stability. It exhibits resistance to
oxidation, preventing the formation of borates, and provides significant safety
advantages in laboratory environments due to its ease of handling, which is
considerably less toxic, and is a relatively low-cost precursor [51].

The thermal decomposition of AB as a precursor occurs in the tempera-
ture range of 343 to 413 K. The resulting gaseous molecules are adsorbed on
the surface of the substrate, typically copper, and transported to this surface
by a carrier gas, such as an argon gas [48].

The AB decomposition studies conducted by Frueh et al. (2011) through
the use of vibrational spectroscopy techniques, such as FTIR analysis showed
the evolution of stretching peaks from room temperature, 393, and 483 K.
As a result of the increase in temperature, the release of gaseous species
such as hydrogen and borazine (N3B3H6) was observed, as well as solid-phase
species such as polyaminoborane (PAB) [NH2 − BH2]n and polyiminoborane
(PIB) [NH = BH]n. The positions of the NH and BH stretching mode peaks
decreased slightly from the AB case, as indicated in Table
reftab: AB. This is associated with the loss of high-symmetry stretching modes
present in AB that cannot exist in PAB.

Sample NH (cm−1) BH (cm−1) BN (cm−1)
AB - RT 3302 2278 781

AB - 393 K 3250 2250 850
AB - 483 K 3435 2498 1344

Table 4.1: FTIR - Bond Stretch assignments from Frueh et al. (2011) studies
[19].

In this work, the decomposition of the precursor subjected to different
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temperatures was investigated, in Figure 4.1 shows the Raman spectra of the
pure AB precursor, for the residual material that was collected after the
synthesis of h-BN and that underwent temperature decomposition at 373 K
and 403 K, respectively. It was determined that the optimal decomposition
temperature for effective film growth is 373 K. The spectral analysis focused
on three distinct regions, as indicated in the studies by Frueh et al. (2011)
conducted through FTIR analysis.
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Figure 4.1: Raman spectroscopy of Ammonia - borane (AB) powder pure, and
the residual material collected after synthesis, heated at 373 K and 403 K. (a)
Raman spectra of the entire region of the powder of AB pure, heated at 373 K
and 403 K, respectively. Indicating three distinct regions R1, R2, and R3. (b)
the peak in the region R1 at ∼785 cm−1 is related to BN bonds. (c) the peak
in the region R2 at ∼2285 cm−1 is related to BH bonds and (d) the peak in
the region R3 at ∼3257 cm−1 is related to NH bonds.

Specifically, the peaks identified through Fourier Transform Infrared
(FTIR) analysis were associated with Raman spectroscopy, where the NH bond
vibrations occurred at 3257 cm−1, the BH bond vibrations at 2285 cm−1, and
the BN bond vibrations at 785 cm−1. These findings regarding the bonds were
found to be consistent with those of this thesis for the data obtained from
Raman spectroscopy. It should be noted that, with the increase in temperature,
there is a considerable loss in symmetry of the modes associated with mass
loss.
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4.3
Substrate preparation

The Silicon (Si) wafer of 500 ±15 µm thick was initially cleaved into
pieces aligned along one of the preferred crystal orientations, using a diamond-
tip pen tool (Figure 4.2). These pieces, ∼1.5 cm2 in size, underwent a cleaning
procedure before entering the CVD chamber.

Figure 4.2: Si substrate of 500±15 micrometers (µm) thick cut with a diamond-
tipped pen tool in the preferred crystal orientation.

The removal of the native silicon oxide layer was achieved by immersing
the substrates in hydrofluoric acid (HF) for a duration of 1 minute. Subse-
quently, the substrates were rinsed multiple times with deionized water and
then subjected to ultrasonic treatment for 10 minutes. Following this step,
the substrates were placed in an ultrasonic bath containing 30 mL of acetone
and then isopropyl alcohol, each for a period of 10 minutes. In the end, the
substrates were dried using a flow of nitrogen (N2) gas.

4.4
Cleaning procedure of quartz tube and crucible

Following each deposition process, a cleaning protocol was applied for
both the quartz tube and the deposition crucible. Initially, they were scrubbed
using a specially designed brush for cleaning glassware using a neutral deter-
gent solution. Subsequently, they were dried using paper towels.

The quartz tube received cleaning steps involving sequential washing
with isopropyl alcohol and acetone, finally, the tube was placed in the oven at
1273 K for 1 hour. Similarly, the deposition crucible underwent an ultrasonic
treatment with isopropyl alcohol and acetone, each lasting 10 minutes.
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4.5
Hexagonal Boron Nitride (h-BN) synthesis process

The synthesis of h-BN films was carried out using the low-pressure
chemical vapor deposition (LPCVD) technique on a Silicon (Si) substrate with
an orientation of <100>, as illustrated in Figure 4.3(a) the CVD system used to
deposit the samples. The synthesis process involved a gas mixture of Argon-Ar
(99.99 pure), Hydrogen-H2 (99.99 pure), and AB powder as precursor material.

(a) (b)

(c)

(d)

Figure 4.3: Apparatus employed for the deposition of h-BN films comprises:
(a) a single-stage temperature-controlled CVD system, (b) an oven tempera-
ture controller, (c) the powering and display mechanisms for two Baratron®
transducers, calibrated to measure in units of mTorr and Torr, and (d) gas
cylinders accessible in the laboratory, including argon, oxygen, hydrogen, and
methane.

The Si substrate underwent cleaning procedures described in section
(4.3). The cleaned Si substrate pieces (each with an area of 1.5 cm2) were then
loaded into a reactor, consisting of a furnace equipped with a 1-inch quartz
tube, operating under controlled atmospheric gas conditions. In a separate hot
zone of the quartz tube located upstream 40 cm from the Si substrate, 8 mg
of Ammonia - borane (AB) powder was placed in a quartz crucible.

The reactor is connected to a mechanical pump of (70 m3/h) that allows
the system to achieve a base pressure of ∼10.7 Pa. Pressure was monitored
using a digital power supply that displayed the readings of the capacitance
manometers on a screen, indicating the pressure in units of mTorr or Torr,
Figure 4.3 (c).

Subsequently, a gas mixture of H2 (99.99 pure) flow of (2 sccm, standard
cubic centimeters per minute) and Ar (99.99 pure) flow of (100 sccm) was
introduced into the system using digital gas mass flow controllers (MFC), that
are connected to a computer by communicating via internet protocol (IP)
address. The furnace temperature was ramped up at a rate of 30 K/min for 36
minutes until it reached a final working temperature, particularly, 1373 K, the
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overview temperature diagram is depicted in Figure 4.4. In the other heating
zone of the tube, the AB powder was heated to 373 K using resistive tape.

During the growth process, the pressure remained constant at 5.3 × 103

Pa. After the growth process, the CVD chamber was opened to allow the
system to cool at a rate of ∼ 300 K/min for 2.5 minutes until it reached
773 K. Subsequently, it took more than 1 hour for the system to return to
room temperature under ambient air conditions. All deposition parameters
are summarized in Table 4.2.

Parameter Value
Base pressure (Pa) 10.7

Working pressure (Pa) 5.3 × 103

Ar/H2 flow rate (sccm) 100/2
Deposition temperature (K) 1273 - 1373

Distance between Si and crucible (cm) 40
Deposition time (min) 5 - 60

Precursor temperature (K) 373
Precursor (mg) 8

Table 4.2: Experimental parameters used in the deposition of h-BN films on
Si substrate.

4.5.1
Variation in growth temperature

In the second part, the investigation shifted its focus to the impact
and role of growth temperature. Accordingly, the samples were grown at
temperatures of 1273, 1323, and 1373 K. Samples grown below 1223 K, did not
show h-BN characteristics, while temperatures exceeding 1373 K compromised
the oven functionality, given its upper limit of 1473 K. Including, samples
grown at 60 minutes, at 1273, 1323 and 1373 K.

4.5.2
Variation in growth time

In the initial part of this thesis, an examination was conducted on the
deposition time parameter and its impact on film growth. Specifically, the
deposition time was varied between 5, 10, and 20 minutes at 1373 K, for the
growth of the sample, while all other growth parameters were kept constant.
Samples with growth times below 5 min did not show h-BN characteristics.
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Figure 4.4: Overview temperature profile diagram depicting the temperature
distribution within the CVD furnace. The temperature gradient is monitored,
starting from the ramp-up to reach 1373 K the deposition temperature and
subsequently the growth duration at 20 min of the h-BN films, finally the cool
down phase with the opening of CVD chamber to allow the system to cool at
a rate of ∼300 K/min for 2.5 minutes until it reached 773 K, after that, it took
over 1 hour and 30 min for the system to return to room temperature under
ambient air conditions.



5
Equipment and procedures for characterization

This chapter describes the techniques used in the characterization of h-
BN films, focusing on technical operating information, such as operating condi-
tions and principles, including the parameters used to carry out measurements
and the environmental conditions under which the samples were exposed.

5.1
Raman spectroscopy/atomic force microscopy (AFM)

Raman spectra and AFM images were obtained using a micro-Raman.
The spectrometer consists of a Confocal (upright configuration) from NT-
MDT, type NTEGRA SPECTRA, equipped with a CCD (charge-coupled
device) detector with a thermoelectric cooling system based on the Peltier
effect (with a working temperature of -343 K) and an optical microscope with
a single 100× objective lens with a large numerical aperture (0.7), used to focus
the laser beam on the sample spot size to ∼ 1µm2 and collect backscattered
light. Figure 5.1 shows a photograph of the Raman spectrometer existing in
our laboratory and used for measurements.

Figure 5.1: The Raman spectrometer used to analyze the samples in the
Laboratório de Revestimentos Protetores e Materiais Nanoestruturados at
PUC-Rio.

The Raman spectrometer is equipped with a blue laser at a wavelength of
473 nm (2.62 eV) and a maximum output power of 50 mW, and arrival power
in the sample on the order of tens of µW including a red, and a green laser
at wavelengths of 633 and 532 nm. The system operates with of four gratings
that allows obtaining spectra with different spectral resolutions. One of these
gratings, an ultra-high dispersion Echelle type, has a spectral resolution of
0.007 nm (< 0.1 cm−1).
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Measurements were made with acquisition times ranging from 300-900
s, using 600 (lines/mm) gratings, and achieving a spectral resolution of ∼3.4
cm−1.

In the operating mode for carrying out AFM measurements, the samples
are mounted on a piezoelectric scanner in a configuration that allows scanning
sample by sample with the following dimensions: up to 40 mm in diameter, up
to 15 mm in height, and up to 100 g in weight.

After selecting all measurement parameters, after clicking on the RUN
button, an image of the scanned area appears line by line in the 2D image panel
of the scanned data. Since the sample has a tilt along the X-axis, this tilt can
be subtracted in the analysis software. It is consistent that the quality of the
images essentially depends on the scanning parameters, such as frequency, set
point, and the feedback gain factor (FB gain). All these parameters can be
changed directly in the measurement software.

AFM measurements were performed in semi-contact mode, with the
setting of the scanned parameter as a different image size from 50 to 1 µm and
the number of pixels set to 512 x 512. The topography images were processed
using a second-order plane filter to eliminate the tilt between the sample and
the microscope.

5.2
FTIR spectroscopy

FTIR spectroscopy was performed on a Bruker FTIR Alpha II spectrome-
ter, using OPUS/IR software for measurements and analysis (Figure 5.2). Mea-
surements were performed in transmittance mode on the ALPHA II-T module
with a 30◦ reflection accessory for solid samples.

The equipment operates according to the following specifications:

– Spectral range 350 - 7.500 cm−1 with standard KBr beamsplitter.

– Spectral resolution better than 2 cm−1.

– wavenumber accuracy better than 0.05 cm−1.

– sample spot 8mm.

The measurements were made with 300 minutes of accumulation achiev-
ing a resolution of 4 cm−1 in the 1600-1200 cm−1 region. Standard silicon was
used as a background.
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Figure 5.2: FTIR spectrometer used to study the vibrational characteristics
of the sample in the Laboratório de Revestimentos Protetores e Materiais
Nanoestruturados at PUC-Rio.

5.2.1
SEM microscopy

The SEM and STEM measurements were carried out in the Van de
Graaff laboratory at PUC-Rio, by Carlos Senna. Scanning electron microscopy
(SEM) images were acquired with a SCIOS II dual-beam microscope from
ThermoScientific. Everhart-Thornley detector (ETD) used in the detection of
secondary electrons, working distance of 7.0 mm, chamber vacuum of 2.24
×10−6 Torr, and magnification varying from 1000 to 120,000×.

5.3
XPS spectroscopy

The XPS measurements presented in this work were carried out on
two different systems in the first, photoelectrons are energy-filtered using
a hemispherical analyzer model Alpha 110 from VG Thermo (Figure 5.3).
Subsequently, they are detected by 7 channeltron detectors, which transform
the electrons into an amplified current pulse to be analyzed in a multichannel
system, resulting in a significant increase in the signal-to-noise ratio after
optimizing the count number. Finally, the spectrum is recorded as intensity
(counts per second) vs. kinetic energy of the photoelectrons or their binding
energy.

The X-ray source used to generate the photoelectrons in the sample was
a dual anode electron gun, where in its standard configuration, one anode is
covered with Aluminum and the other with Magnesium. The electron beam
has sufficient energy to ionize the K-shell of these elements, thus producing a
stable X-ray beam with energy dispersion of less than 1 eV.

Survey compositional spectra showing all elements present in the samples
were acquired using a pass energy of 50 eV, while for the high-resolution
spectra of C 1s, N 1s, B 1s, Si 2p and O 1s, a lower pass energy of 20 eV
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was used, adjusting the number of scans in both cases to optimize the signal-
to-noise ratio. The radiation source used was the K α line of aluminum with an
excitation energy of 1486.6 eV. Data analysis was performed using CasaXPS
software (from Casa Software Ltd.), with the carbon peak at 284.6 eV used as
a reference for binding energies.

X-ray photoelectron spectroscopy (XPS) data were obtained in an ultra-
high vacuum chamber with pressure reaching ∼10−8 Pa. Equipped with a VG
Thermo Alpha 110 hemispherical analyzer positioned at a 90-degree angle to
the sample surface and using a non-monochromatic Al-Kα line (∼1458 eV) as
an X-ray beam. The second system used to obtain a few spectra at the end of
this thesis, due to problems in the first system, was a SPECS system using a
PhoibosTSO analyser.

Figure 5.3: X-ray photoelectron spectrometer used to study chemical composi-
tion of the samples in the Laboratório de Revestimentos Protetores e Materiais
Nanoestruturados at PUC-Rio.

5.4
UV-vis spectroscopy

The UV-vis measurements were carried out in the laboratório de
Pesquisas em Fibras Ópticas at UERJ-RJ, by professor Alexandre Camara.
UV-Vis spectroscopy characterization was performed through diffuse re-
flectance. Polychromatic light from a UV-Vis-NIR deuterium-halogen light
source (Ocean Insight DH-2000-BAL, 210 nm - 2500 nm) was guided through
a multimode optical fiber (Ocean Insight, QP300-1-SR, core diameter equal to
300 µm, SMA 905 connectors) and impinged on the sample.

Reflected light was collected by another optical fiber and detected by a
UV-Vis-NIR spectrometer (Ocean Insight Flame-T-XR1-ES) with a range from
200 to 1025 nm and a resolution of 0.1 nm. The spectrometer was connected
to a computer where the data was processed. The acquisition software (Ocean
Insight, SpectraSuite®) allowed us to observe not only the bare spectrum of
the light source or the spectrum of the reflected light by the sample, but
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also the absorbance or reflectance spectra and process the data with, e.g., the
Kubelka-Monk method.

5.5
Contact Angle (Goniometer)

The instrument used to make contact angle measurements was a RAMÉ-
HART system (100-25-A), by using the DROPimage software (Figure 5.4).

Contact angle measurements were conducted in the sessile-drop operation
mode. A fixed-volume water droplet, of 10 µL, was deposited onto the sample
surface using a needle.

Figure 5.4: Goniometer setup used to contact angles measurements in the
Laboratório de Revestimentos Protetores e Materiais Nanoestruturados at
PUC-Rio.

To ensure statistical integrity, several drops were dropped onto the h-BN
surface and for each drop, the number of measurements was set at 100 with a
0.1 s time interval, maintaining consistent conditions for all samples. Finally,
the result was obtained by averaging the remaining values from each of the
samples.

5.6
Microtribometer

The tribology tests were carried out in the Laboratório de Caracterização
de Materiais at UFF-RJ, by Professor Juan Lucas Nachez. The equipment
used for this purpose was a CTER-UMT micro tribometer with a constant
linear load of 0.3 N, corresponding to a constant Hertzian pressure of 398
MPa, considering a flat surface. A stainless steel ball with a 6.35 mm diameter
(AISI302) and a hardness of 4.1 GPa was used for the measurements. The test
mode involved pin wear on a reciprocal linear disc. The sliding velocity during
the test was 10 mm/s, and the sliding amplitude was 10 mm.



6
Temperature-dependent growth of h-BN films

In this chapter, the results of the synthesis of h-BN films will be presented
and discussed. Table 6.1 below shows the set of samples grown and the
conditions within the temperature range of 1173 K to 1373 K, as well as
the samples submitted to tribology tests. Various characterization techniques,
such as Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM),
contact angle measurements, scanning electron microscopy (SEM), and UV-
visible spectroscopy, were utilized. These techniques were used to investigate
the structural, morphological, tribological, and vibrational properties of the
h-BN films.

Temperature (K) Growth Conditions
1173 No - Borane ammonia (8 mg) at 373 K
1223 No - Base/Working pressure (10.7/5.3 ×103 Pa)
1273 Yes - Ramp up H2 (50 sccm)
1323 Yes - H2/Ar flow (2/100 sccm)
1373 Yes - Growth time (10 min)

Tribology
Temperature (K) Growth Conditions

1273 Yes
1323 Yes (same parameters as above)
1373 Yes - Growth time (1 hour)

Table 6.1: Set of samples varying temperature and for tribology studies with
growth conditions.

6.1
Raman spectroscopy

Raman spectroscopy was employed to discern the features of the h-BN
film obtained by LPCVD on a Si <100> substrate. In Figure 6.1, several
second-order components of the Si substrate are highlighted, identified as
transverse optic (2TO) at ∼1000 cm−1 and longitudinal acoustic (2LA) at
∼600 cm−1 scattering.

Similarly, the peak at 520 cm−1(TO) corresponds to the first-order
Raman active phonon that creates the 3-fold degeneracy long-wavelength
transverse optical phonon [89]. Given the characteristics of Si mentioned
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Figure 6.1: Raman spectrum of an h-BN film showing the entire region of
Si characteristics in the range from 100 to 1600 cm−1. The Si modes are
characterized as the transverse optic (TO)- 520cm−1, second order longitudinal
acoustic (2LA) and second order transversal optic (2TO). On the other hand,
the inset Figure show the E2g vibrational mode of h-BN, Si mode at 1450 cm−1,
and molecular Oxygen O2 at ∼1563 cm−1.

above, it is crucial to consider the high-intensity Si signals, as observed in
the quenching of the spectral peak of h-BN.

Furthermore, the inset of Figure 6.1 depicts the Raman spectrum of the
dominant peak at ∼1374 cm−1; this peak corresponds to the E2g phonon mode,
providing evidence of the hexagonal phase of BN in the deposited films. Other
peaks corresponding to Si (at ∼1450 cm−1) and O2 (at ∼1563 cm−1) can also
be observed, with the latter attributable to the atmospheric environment.

Figure 6.2 (a) presents the Raman spectra obtained from samples grown
at 10 min with temperatures of 1273, 1323, and 1373 k, respectively. Following
the initial evaluation post-synthesis, Raman measurements conducted on
samples grown below 1223 k exhibit an absence of characteristic h-BN signals.
The observed peak at 1375 cm−1 corresponds to the vibration mode E2g, which
represents the phonon within the h-BN plane. This doubly degenerate optical
phonon mode involves B and N atoms within each plane moving in opposite
directions. As a result of the cancellation of contributions from the two planes,
this mode does not exhibit an LO-TO splitting [90].

The observed peak exhibits shifts towards higher phonon frequencies
in comparison to the bulk h-BN Raman peak located at 1366 cm−1. These
red and blue shifts in the Raman peak predominantly arise due to the
presence of compressive and tensile strains within the films. The mismatch
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Sample (K) FWHM (cm−1) La (nm) Xc (cm−1)
1273 31±2.1 - 1372
1323 20±1.8 125.0 1369
1373 28±2.5 73.0 1376

Table 6.2: Show the respective analysis parameter for the samples in the
temperature range of 1273 to 1373 K. The FWHM values were used to estimate
the crystallite sizes (La), and Xc is the peak position in cm−1.

in the coefficients of thermal expansion (TEC) between h-BN and the silicon
substrate likely induces compressive deformation in the samples, a finding that
aligns with similar results reported in [91].

Figure 6.2: Raman spectra of h-BN samples grown in the temperature range of
1273 to 1373 K. In (a) shows the Raman spectra of the h-BN characteristic E2g

vibration mode, the dashed line shows that these peaks do not suffer significant
shifts for blushift or redshift. Including the peaks referring to the Si and the
molecular oxygen peak, at ∼1450 and O2, ∼1563 cm−1. (b) show the A1g
characteristic out-of-plane h-BN vibration mode observed in a sample grown
for 5 minutes. It is noteworthy that the A1g peak is consistently observed across
all samples.

In Figure 6.2 (b), the vibration peak centered around 825 cm−1 (A1g

mode) is characteristic of the out-of-plane h-BN vibration [47]. The experi-
mentally measured Raman peak of the h-BN samples was fitted using Lorentz
functions, and the FWHM was estimated, as demonstrated in Table 6.2. Uti-
lizing the obtained FWHM value, it is feasible to calculate the crystallite size
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(La in nm) by applying the Nemanich Equation [92]:

La = 1417/(Γ1/2 − 8.7) (6-1)
Here La is the crystallite size in angstroms and Γ1/2 is the FWHM in

cm−1. The calculated values are shown in Table7.2, and all spectra were fitted
using a Lorentzian line shape. According to the empirical method, if the high
frequency E2g vibration mode of h-BN shifts from ∼1366 cm−1 to a higher
frequencies ∼1375 cm−1 and broadens, it indicates that the crystallite size
decreases. Therefore, the calculated FWHM of the Raman peak indicates the
crystalline quality and estimates the size of the crystallite [92].

The estimated crystallite sizes for the samples grown at 1323 and 1373 K
were 125.0 and 75.0 nm, which is consistent with the findings of morphological
studies. Because the morphology of the sample grown at 1273 K exhibited a
2D nano-sheet-like structure, the La was not calculated.

6.2
UV- visible spectroscopy

Figure 6.3 illustrates the absorbance spectra and the corresponding en-
ergy gap Eg derived from the analysis of Tauc’s equation (4.2) [68]. The Eg

values for the samples grown at 1273 and 1373 K, are 5.7 and 5.6 eV .

Figure 6.3: UV-Vis spectrum of h-BN film 10 min at 1273, and 1323 K on a
Si substrate. The inset shows the optical bandgap analysis of the h-BN film.
In (a) and (b) the Eg was 5.7 eV .

These values are lower than the theoretical Eg of 6 eV for an h-BN
monolayer, indicating the growth of thin films. The decrease in Eg can be
attributed to layer-layer interactions, resulting in increased electronic band
dispersion and a tendency to reduce the bandgap[56, 5].
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6.3
X-ray Photoelectron Spectroscopy (XPS)

To verify the elemental composition of the samples, X-ray Photoelectron
Spectroscopy (XPS) was applied. Figure 6.4 displays the B 1s and N 1s regions
for the samples in the temperature range of 1273 to 1373 K. The peaks were
fitted with a Voigt lineshape and a Shirley background. The C1s peak at 284.8
eV was applied to calibrate the entire spectrum.

Figure 6.4 (a) shows the deconvolution, and two main overlapping peaks
are evident in the B1s region. The first, at 190 eV, is characteristic of the B-N
bonds, and the small shoulder of the B-N peak, located at 192 eV, is related
to oxygen (B-O bonds).
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Figure 6.4: XPS spectra of the samples grown in the temperature of 1323, and
1373 K. In (a) show the B 1s spectrum of the B-N and B-O overlap (b) show
the N 1s spectrum of the N-B and N-C overlap, and (c) show the spectra of
the Si 2p (Si-Si at 99 eV and Si-N at 102 eV) regions of the as-grown sample at
1323 K. (d) and (e) highlight the Survey spectra of the elements in the region,
Si 2p, B 1s, C 1s and N 1s.

In Figure 6.4 (b), the two peaks are displayed, with the most intense being
the N-B bonds at 398 eV, while the small shoulder of the N-B peak, at 400
eV, represents the N-C bonds, given the higher electronegativity of Carbon
compared to Boron.
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The stoichiometric B/N ratio was calculated and the results show 1.01,
which is in good agreement with the theoretical value of 1.0. Are reported
that one nitrogen atom is bonded to three boron atoms, and vice versa. The
obtained values for the binding energy (BE) related to B-N and N-B bonds
agree well with those reported in the literature [5, 91, 61].

Figure 6.4 (c) shows the plot for the Si2p region for the sample grown at
1323 K, where two peaks are identified as Si-Si at 99.0 eV and Si-N [93] at 102.2
eV. The measurements were carried out one-month post-synthesis, revealing
an absence of the peak typically associated with SiO2 (103.3 eV) [94]. This
suggests that h-BN coatings, even at thickness ∼20 nm, effectively maintained
the Si surface stable below the coating, without a discernible signal of silicon
oxidation.

Taking a careful look at Figure 6.4 (d) and (e) for the survey of the as-
grown samples at 1273 and 1373 K, a considerable difference is observed in the
Si 2p signal for the two samples. The most intense Si 2p is related to a thinner
film; that is, the decrease in the temperature parameter produces a film less
thick.

6.4
Atomic Force Microscopy (AFM)

The surface topography of the films was analyzed with Atomic Force
Microscopy (AFM). Figure 6.5 (a) shows the AFM image captured in semi-
contact mode, with a scan size of 1 µm2. The image refers to the sample
grown at 1273 K, showing a 2D nanosheet-like morphology. A similar result
was found in reference [95]. In Figure 6.5 (b) show the 3D image.

The lateral coverage of the nanosheets varies between 50 - 400 nm, and
the topography-based histogram, Figure 6.5 (d) shows the height distribution
of the h-BN sheets with a median height of 3.0 ± 0.5 nm and the corresponding
roughness root mean square (RMS) of 1.0 ± 0.2 nm.

Figure 6.6 (a) shows the AFM image for the as-grown sample at 1323 K,
revealing the formation of a continuum film in Figure 6.6 (b) the 3D image,
Figure 6.6 (c) the height in a point of defect where the height is 10.3 ± 1.5
nm.Figure 6.6 (c) the given height distribution and a median thickness of 10.5
nm and roughness RMS of 1.5 ± 0.3 nm.

Figure 6.7 (a) depicts AFM images of 10 min samples, captured in
semicontact mode, highlighting the scan size of 1 µm2. A corresponding 3D
plot is shown in Figure 6.7 (b). Figure 6.7 (c) shows the height of the film in
a point without nucleation 17.0 ± 1.2 nm along the pink line direction, and
Figure 6.7 (d) show the height distribution histogram with height up to 20 nm,
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Figure 6.5: AFM images of h-BN films with a scan size of 1 µm2 at 1273 K. In
(a) shows the 2D nanosheet-like structures with the rougness of RMS = 1.0
± 0.2 nm, (b) the 3D image, (c) the height of the 2D nanosheet of 2.5 ± 0.6
nm and (d) the height distribution with the main lying on 3.0 nm.

the negative values in the histogram are related to the rough substrate, cracks,
holes, and shallow depressions.

Considering the three samples, there are clear differences in morphology
as the temperature changes. The formation of extrusions, known as ‘hillocks’, is
observed. These features are higher than the film itself and affect the roughness
of the samples. The formation of ‘hillocks’ is related to the compressive stress
resulting from the mismatch in the thermal expansion coefficients between
h-BN and the substrate. In [96] they observed a similar structure.

As seen, temperature plays a crucial role in the growth kinetics, including
species desorption and diffusivity on and within the catalyst substrate. It
also affects the density of the nucleation and the size of the grain. The
growth process involves several complex steps, including the vaporization and
transport of precursors to the substrate, the decomposition of precursors, the
migration of species to the substrate, nucleation, and crystal growth [95].

In general, elevated growth temperatures tend to result in a process
that is thermodynamically limited by mass transfer, whereas lower growth
temperatures are associated with a kinetic process controlled by surface
reactions. Lower growth temperatures exhibit significantly higher reactant
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Figure 6.6: AFM images of h-BN films with a scan size of 1 µm2 at 1323 K.
In (a) the obtained roughness was RMS = 1.5 ± 0.3 nm, (b) the 3D plot, (c)
indicates the height of a point without nucleation of 10.3 ± 1.5 nm taken from
(a) in the green dashed line, (d) shows the height distribution with the main
lying on 10.5 ± 1.0 nm.

surface adsorption compared to higher temperatures, leading to a notable
increase in nucleation events but hindering grain size [97].
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Figure 6.7: AFM image showing the topography of the 10 min sample of an
area of 1µm2, (a) showing almost total coverage of the substrate surface. The
grain analysis shows the respective RMS = 6.8 ± 1.3 nm roughness. In (b) a
3D image of the film surface, (c) the height of the film of 17 ± 0.8 nm along
the pink line direction in a region without nucleation, and (d) the histogram
of the height distribution of the h-BN film ranging from 0 to 20 nm.

6.5
Scanning Electron Microscopy (SEM)

The sample surface was also analyzed by scanning electron microscopy
(SEM). Figure 6.8 shows the h-BN images for samples grown at 1273, 1323,
and 1373 K.

As the growth time increases, different surface morphologies are observed,
which is consistent with AFM studies. Specifically, for the sample at 1273 K,
2D nanosheet structures are formed; the lateral coverage is around 80-500 nm.

Then, for the sample at 1323 K, a continuous and smooth film is formed
on the Si surface. Finally, the sample at 1373 K presents a continuum film,
and 3D structures are formed along the Si surface.

As mentioned above, the significance of the substrate temperature lies
in providing extra energy for these species to move onto the surface, merge,
and establish bonds with the substrates, thereby enhancing nucleation and
subsequent crystallinity [95]. Furthermore, this temperature promotes the
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formation of structures on the surface of the substrate, as illustrated in the
Figure 6.8 (a-e) with a scale of 10 µm.

a)

d)c)

b)

e) f)

10 μm

10 μm

10 μm

1 μm

1 μm

1 μm

Figure 6.8: Scanning electron microscopy (SEM) images of h-BN samples in
the temperature range of 1273 to 1373 K. (a-b) show at 1273 K sample. (c-
d) depict sample grown at 1323 K showcasing this point defects on the film’s
surface. (e-f) exhibiting a circular pattern for the samle at 1373 K characterized
by small aspect ratios, identified as "hillocks" features with a brighter contrast
(white).
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6.6
Contact Angle

The wettability of the samples was investigated by contact angle mea-
surements. Consequently, the samples exhibited hydrophobic behavior, with θ
values of 84.0◦ ± 1.0, 76.0◦ ± 3.0, and 105.0◦ ± 5.0 at 1273, 1323, and 1373 K,
respectively. The measured CA of the bare Si substrate was θ = 61.0◦ ± 1.0,
signifying its hydrophilic nature. Considering the polar character of the BN
bond (−N − B + −), Annamalai et al. (2015) [98] noted that wettability is
strongly influenced by Van der Waals (vdW) interactions. Another notewor-
thy parameter influencing wetting characteristics is surface roughness, which
is inherent to wetting phenomena.

However, in this case, the surface roughness of the as-grown h-BN
measures within a few nanometers (1-7 nm). The impact of roughness on
the contact angle is not significant, which means that it depends solely on
the surface energy of the h-BN samples. The results are consistent with those
reported in [95].

6.7
Tribology

In this section, we discuss the effect of reducing the treatment time of
the silicon substrate with HF from 1 minute to 10 seconds. The properties of
the resulting films were studied using various analytical techniques, including
Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR), atomic
force microscopy (AFM), tribology, and X-ray photoelectron spectroscopy
(XPS).

6.7.1
Raman spectroscopy

The samples were grown for 1 hour at 1373 K on the Si substrate
after cleaning with HF for 10 seconds. The substrate cleaning time positively
influenced the quality of the deposited films, as it did not result in the
formation of structures identified as hillocks, which have heights greater than
the surface of the film. In previously grown films, these structures were observed
to form in pits on the substrate, possibly caused by acid treatment during the
removal of the thin native oxide layer.

Figure 6.9 shows the Raman spectra for samples grown for 1 hour at
temperatures ranging from 1273 to 1373 K. Three peaks are highlighted in the
range of 1300 to 1600 cm−1, marked a E2g ∼1375 cm−1, characteristic of the
material grown in the hexagonal phase, and Si, corresponding to the substrate.
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Figure 6.9: Raman spectra of the as-grown h-BN samples. (a), (b) and (c)
displays the characteristic vibrational mode E2g at approximately 1375 cm−1.

In addition, the peak corresponding to O2 and, referring to molecular oxygen,
is indicated.

The presence of the silicon peak suggests that a thin film was formed
despite the long growth time, due to the limiting factor of the precursor
amount, which was maintained at 8 mg. The width of the Raman peaks was
FWHM = ∼25 cm−1, these values are significantly larger than those observed
for an exfoliated monolayer BN flake, which typically has a FWHM of ∼10 to
12 cm−1 [11].

6.7.2
Fourier-transform infrared (FTIR) spectroscopy

The results of Raman spectroscopy were confirmed with FTIR, as shown
in Figure 6.10 displaying the spectra for the three samples. The transmittance
peak of the B-N bonds is observed at approximately 1375 cm−1.

Figure 6.10: Vibrational spectra obtained from FTIR spectroscopy. (a), (b)
and (c) shows the corresponding absorption peak at 1375 cm−1.
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6.7.3
AFM

Figure 6.11 shows the analysis of the sample grown at 1373 K for 1 hour
by AFM. The measurement was performed in contact mode. Figure 6.11 (a)
presents the topography of the sample at 1373 K with a scan size of 1 µm2

and a roughness of 7.7 ± 2.1 nm. Figure 6.11 (b) shows the corresponding 3D
profile of the image in Figure 6.11 (a). In Figure 6.11 (c), the film height was
measured from a defect point in the film where no material nucleation occurred,
resulting in a measured value of 38.2 ± 1.5 nm, which is close to the average
height distribution in this 1 µm2 area of ∼40 nm as shown in Figure 6.11 (d).

Figure 6.11: AFM images of the h-BN sample grown on Si at 1373 K for 1
hour are shown. (a) Displays the sample morphology with a root mean square
(RMS) roughness of 7.7 ± 2.1 nm, (b) the corresponding 3D profile, (c) the
height profile of 30.0 ± 5.3 nm taken from the vertically dashed line indicated
in (a), and (d) the height distribution, with the main peak lying at 40 nm.

AFM measurements with a scanned area of 10 µm2 showed that the
surface topography of the film increased in RMS roughness (Rq) from 1.5 ±
0.2 nm for samples at 1273 K to 1.99 ± 0.1 nm for samples at 1323 K and
12.8 ± 2.6 nm for samples at 1373 K (Figure 6.12). This indicates an increase
in surface irregularities as the temperature increases. The AFM images with
larger scan areas did not show the presence of hillocks on the film surface with
heights in the order of 300 nm, as observed in previous films.



Chapter 6. Temperature-dependent growth of h-BN films 88

Figure 6.12: AFM images of the h-BN sample grown on Si for 1 hour are shown.
Displays the sample topography with a root mean square (RMS) roughness of
(a) 12.8 ± 2.6 nm, (b) 1.99 ± 0.1 nm, and (c) 1.5 ± 0.2 nm for the samples
at 1373, 1323 and 1273 K, respectively.

6.7.4
XPS

The elemental composition of the film grown at 1273 K for 1 hour was
studied using XPS. The Figure 6.13 shows the peaks in the B 1s region at
398 eV and the N 1s region at 190 eV, respectively. The contributions from
B-O and N-C bonds are also displayed in the deconvolution of the main peaks.
Finally, the B/N stoichiometric ratio was calculated, yielding a value of 1.02,
which aligns closely with the theoretical value of 1.0.

Figure 6.13: XPS spectra of the sample grown at 1273 K for 1 hour. In (a) show
the B 1s spectrum of the B-N and B-O overlap, (b) show the N 1s spectrum
of the N-B and N-C overlap, and (c) highlight Survey spectra of the elements
in the region, Si 2p, B 1s, C 1s and N 1s.
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6.7.5
Tribology test

Figure 6.14 illustrates the tribology test results for the Silicon <100>
substrate and the Si coated with h-BN (h-BN/Si) grown at 1273, 1323, and
1373 K for 1 hour. The study primarily determined the coefficient of friction
(CoF) for Si, which yielded a CoF of 0.6. In contrast, the CoF of the samples
did not exceed the value of 0.2.
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Figure 6.14: Presents the results obtained from the tribology test conducted
on the Si <100> substrate and Si coated with h-BN (h-BN/Si) samples grown
at 1 hour at 1273, 1323, and 1373 K, respectively. Under linear reciprocating
ball-on-disc test. The test involved a constant sliding speed of 10 mm/s, a
10 mm sliding distance, and a corresponding Hertzian pressure of 398 MPa,
displaying the variation of the coefficient of friction (CoF) with time (s).

The CoF of Si experienced a significant increase before stabilizing around
0.6. This sudden increase in friction coefficient is related to catastrophic
failure and substantial plowing of the ball into the sample, resulting from
the mechanical contact exerted on the Si surface, indicating a high wear rate
during the first 20 minutes of measurements.

Additionally, material removal occurred through ploughing, producing
curly ductile chips, and some surface material along the scratch edges was
plastically torn away, indicating that scratching primarily involved plastic
deformation typical of ductile materials [99]. Once stabilized, the CoF remained
unchanged over the last 1 hour and 20 minutes of measurement. On the other
hand, the CoF of the h-BN/Si, at 1373 K, material maintained a constant
linear rate of 0.1 for 1 hour and 40 minutes of the test duration. The CoF of
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the other samples grew at a low linear rate and did not exceed the value of
0.2.

The h-BN appears to form an adherent film on the Si surface, as observed
during the test where the material did not detach from the substrate under
mechanical wear. Figure 6.15 (b, d), and Figure 6.16 (b, d) shows the scratch
height profiles taken at the end of the test. For h-BN/Si, a reduction in the
scratch height is observed, indicating high wear resistance and lower CoF for
the coated Si with the h-BN film. The Si height profile indicates a depth of
1340 ± 5.7 nm, .

Figure 6.15: Study of Wear tracks through Profilometry. (a) A 3D profile of
the wear track from the tribology test of a bare Si substrate, (b) The height
of the scratch corresponding to (a), indicating a depth of ∼1340nm, (c) A 3D
profile of the wear track of the 1373 K (sample), and (d) The height of the
scratch corresponding to (c), indicating a depth of ∼15.7nm.

This suggests that h-BN maintains its frictional properties due to its
chemical and thermal stability, high resistance to oxidation at elevated temper-
atures, and effective lubrication capability, even under a constant linear load of
0.3 N corresponding to a constant Hertzian pressure of 398 MPa. Additionally,
the material exhibits high thermal conductivity, contributing to improved dis-
sipation of frictional heat across the entire sample surface, thereby effectively
reducing negative thermal effects on the CoF.

Therefore, h-BN emerges as a promising film for use as a solid lubricant
to enhance the tribological properties of materials, including CoF, wear rates,
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Figure 6.16: Study of Wear tracks through Profilometry. (a) A 3D profile of
the wear track from the tribology test for 1323 K (sample), (b) The scratch
height corresponding to (a) of ∼10nm, (c) A 3D profile for 1273 K (sample),
and (d) The height of ∼160nm.

and high-temperature efficiency. The lubricating properties of solid lubricants
are attributed to their crystalline structure layered with weak Van der Waals
bonding, allowing these layers to slide over each other with minimal applied
force, resulting in low friction properties.

6.8
Summary

The h-BN films were synthesized at varying temperatures. Characteriza-
tion techniques were used to elucidate the effect of growth temperature on the
films. Films with the formation of different structures were observed on the Si
surface. Growth is observed from 1273 K, while samples grown below 1223 K
do not show signs of growth. We observed the formation of two-dimensional
(2D) sheets with lateral dimensions ranging from 80 to 500 nm, as well as
the continuous growth of films with nanocrystals of varying sizes. After un-
derstanding possible factors that affect the quality of the films, better quality
was observed in films grown for 1 hour by varying the temperature. These
films were subjected to tribology tests and showed promise in the application
of solid lubricants, since the coefficient of friction was kept low during the test.



7
Time-dependent growth of h-BN films

In this section, the results obtained for h-BN films synthesized at 1373 K
through low-pressure chemical vapor deposition (LPCVD) on Si <100> sub-
strates, using the AB complex as a precursor, are presented. The Table 7.1
below shows the set of samples grown from 2 to 20 min and the growth condi-
tions. The temperature of 1373 K was chosen for the growth of the films despite
being favorable for the growth of hillock structures, as the samples showed bet-
ter crystallinity observed through vibrational analyses. The investigation was
carried out using different complementary characterization techniques, includ-
ing Raman spectroscopy, infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), contact angle measure-
ments, scanning electron microscopy (SEM), and UV-visible spectroscopy to
confirm the growth and quality of the h-BN films.

Time (min) Growth Conditions
02 No - Borane ammonia (8 mg) at 373 K
05 Yes - Base/Working pressure (10.7/5.3 ×103 Pa)
10 Yes - Ramp up H2 (50 sccm)
20 Yes - H2/Ar flow (2/100 sccm)

- Temperature (1373 K)

Table 7.1: The set of samples grown from 2 to 20 min and the growth
conditions.

7.1
Raman spectroscopy

Figure 7.1 (a) shows the corresponding Raman spectra obtained at room
temperature for the h-BN films as a function of growth time and temperature.
These spectra required a longer integration time (500-900 s) for acquisition due
to the higher signal emanating from the Si surface. Samples grown in less than
5 minutes did not show a Raman signal. In Figure 7.1 (b), the vibration peak
centered around ∼827 cm−1 (A1g mode) is characteristic of the out-of-plane
h-BN vibration, observed consistently across all samples [47].

The Raman spectra of the h-BN films exhibit a dominant peak at ∼1370.0
cm−1. The peak intensity increases with the growth time, as evidenced in the
sample range of 5-20 minutes, where the E2g vibrational mode is more intense
for the 20-minute sample than to the 5-minute sample, both grown at 1373 K.
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Figure 7.1: Raman spectra of h-BN samples grown at 1373 K variation in
growth time between 5, 10, and 20 minutes under Si substrate. In (a) shows
the Raman spectra of samples with different growth times the characteristic
E2g vibration mode, the dashed line shows that these peaks do not suffer
significant shifts for blueshift or redshift. Are highlighted peaks referring to
the silicon substrate and the molecular oxygen peak, at ∼1450 and O2, ∼1563
cm−1. In (b) show the A1g relative to the out-of-plane h-BN vibration mode
sample grown at 5 minutes. The A1g peak is present in all samples.

This suggests a potential correlation with increasing film thickness, as
Raman intensity is proportional to the number of layers in h-BN [11]. The Full
Width at Half Maximum (FWHM) was determined from the Raman spectral
lines (Table 7.3), and the Nemanich model was applied to study the size of
crystallites of BN [92], Equation 6-1 [92].

Similar study of crystallite size was found in other reports of h-BN
films on Si <111> with an estimated value of ∼ 9 nm for crystallite size
[90], on Ge <001>/Si substrates, with values varying from 2-3 nm [91], also
grown by atomic layer deposition (ALD) on Si <001> and sapphire substrates
oriented <0001> with an estimated size of ∼5 nm [43], and on Si and Sapphire
substrates found with a value of ∼6 nm [52].
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Sample (min) FWHM (cm−1) La (nm) Xc (cm−1)
05 18.4 ± 2.4 146 1372
10 28.0 ± 2.5 73.0 1369
20 35.5 ± 3.2 53.0 1376

Table 7.2: Show the respective analysis parameter for the samples grown at 5,
10 and 20 minutes (1373 K). The FWHM values in cm−1 were used to estimate
the crystallite sizes (La), and Xc is the peak position in cm−1.

7.1.1
FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is also a valuable tech-
nique for analyzing the h-BN lattice vibration modes resulting from stretching
bonds between Nitrogen and Boron atoms. Figure 7.2 presents FTIR spectra
for an h-BN film grown at 10 minutes (1373 K).

Figure 7.2: Infrared transmission spectra of films grown at 10 min (1373
K). The absorption band at ∼1373.2 cm−1, is attributed to B-N bonds
characteristic of the in-plane ring vibration.

The prominent absorption band, centered at ∼1373.2 cm−1, is attributed
to the in-plane ring vibration, [47] therefore confirming the existence of B-N
bonds.

7.2
XPS

The chemical composition of the deposited h-BN films was examined
using X-ray Photoelectron Spectroscopy (XPS) measurements. The spectra
for N1s (Nitrogen) and B1s (Boron) regions are presented in Figure 7.3 for the
as-grown h-BN films at 5, 10 and 20 minutes (1373 K).

All spectra underwent a peak-fitting process using a Voigt lineshape and
a Shirley background were used for convolution, for better observation and
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clarity. Furthermore, the C 1s core-level peak at 284.8 eV was used to calibrate
all the spectra.
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Figure 7.3: XPS spectra of the samples in the range of 5-20 min growth at
1373 K. In (a) are the N 1s spectrum of the N-B and N-C overlap, (b) the B 1s
spectrum of the B-N and B-O overlap, and (c) the from the Survey highlighting
the elements in the region, Si 2p, B 1s, C 1s and N 1s for the 20 min sample.
In (d-i) show the N 1s, B1s and Survey spectra for the 10 and 5 min samples,
repectively.

The findings are shown in Figure 7.3 (a, d, g), where the N1s region shows
two overlapping peaks observed for all samples. These peaks are attributed to
the contributions of N-B bonds at ∼ 398.6 eV, and the peak located at ∼400 eV
is the contribution of N-C bonds, as the electronegativity of carbon is higher
compared to Boron [100]. Similarly, in Figure 7.3 (b, e, h), two overlapping
peaks are observed attributed to B-N bonds in the B 1s region for all samples
at ∼ 190.8 eV, while the other peak at ∼192 eV is relative to oxygen bonds[101].

Considering the B-N and N-B bonds, it is noteworthy to mention that
one nitrogen atom is bonded to three boron atoms. Analogously, a boron atom
is bonded to three nitrogen atoms [101, 102, 61, 100], as schematically shown
in the inset of Figure 7.3 (a, b) for the B1s and N1s regions.

The values obtained are shown in Table 7.3 for the binding energy (BE)
related to the B-N and N-B bonds are well aligned with those reported in the
literature [53, 90, 91]. The measured B/N ratio of the h-BN films obtained in
this study was close to 1.01, this value was achieved by area quantification,
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Sample (min) Pos. B-N (eV) Pos. N-B (eV) At (ratio)
05 190.9 398.7 1.04
10 190.7 398.6 1.01
20 190.8 398.6 1.02

Table 7.3: Position of the B-N and N-B peaks in the B 1s and N 1s regions,
respectively. And stoichiometric atomic ratio of B and N atoms obtained by
area quantification, using the factor RSF = 0.486 (B) and RSF = 1.8 (N).

applying the relative sensitivity factor (RSF) of variables B and N, which aligns
well with the theoretical stoichiometric values of 1.0 (Table 7.3).

Figures 7.3 (c, f, i) present the survey spectra in the energy range of 0 to
500 eV, highlighting the regions of interest for atomic analysis. Examination of
the Si 2p region reveals a noticeable decrease in film thickness corresponding
to a reduced growth duration. This deduction is supported by a qualitative
evaluation of the Si 2p peak intensity, demonstrating a gradual decrease in
Si-specific characteristics as growth time diminishes.

The plot of the Si 2p region referring to Figure 7.4 shows two peaks iden-
tified as Si-Si at ∼99.0 eV and Si-N [93] at ∼102.2 eV. The measurements were
performed one month after synthesis and did not show the peak associated
with SiO2 (103.3 eV) [94]. This indicates that h-BN coatings, even at dimen-
sions of approximately 20 nm, keep the Si surface below the coating stable
without a signal of silicon oxidation.
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Figure 7.4: XPS spectra of the Si 2p (Si-Si at 99 eV and Si-N at 102 eV) regions
of the as-grown sample at 10 minutes.
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7.3
AFM

The topography of the samples was studied using Atomic Force Mi-
croscopy (AFM). Figure 7.5 (a) depicts AFM images of 5 min sample, captured
in semicontact mode, highlighting the scan size of 1 µm2. A corresponding 3D
plot is shown in Figure 7.5 (b). Figure 7.5 (c) show the height of the hillock
of ∼65 nm along the cyan line direction, and Figure 7.5 (d) show the height
distribution histogram the main lies on ∼35 nm.

Figure 7.5: AFM image showing the topography of the 5 min sample of an
area of 1 µm2, (a) showing the surface with features identified as "hillock".
The grain analysis shows the respective RMS = 8.4 ± 3.0 nm roughness. In
(b) show a 3D image of the film surface, (c) the height of the “hillock” of ∼68
nm, and (d) the histogram of the height distribution ranging from 20 to 70
nm, indicating the rapid promotion of this features.

Figure 6.7 (Section 6.4) shows the AFM image for the as-grown sample
at 1373 K, showing a continuum film with a roughness RMS of 6.8 ± 1.3 nm.

Figure 7.6 (a) depicts AFM images of 20 min samples, captured in
semicontact mode, highlighting the scan size of 1 µm2. A corresponding 3D
plot is shown in Figure 7.6 (b). Figure 7.6 (c) shows the height distribution
histogram the main lies on ∼11 nm.
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Figure 7.6: AFM image showing the topography of the 20 min sample of an
area of 1µm2, (a) show total coverage of the substrate surface the grain analysis
shows the respective RMS = 3.7 ± 1.6 nm roughness. In (b) show a 3D image
of the film surface. In (c) the histogram of the height distribution of the h-BN
film ranging from 5 to 30 nm, the main lies on 10.8 ± 0.3 nm.

As the growth time increases, two fundamental changes become evident:
an increase in the nucleation density and the growth rate. Furthermore, the
roughness of the sample surface experiences variations in response to changing
growth time conditions. It is observed as the growth time increases the
roughness of the root mean square (RMS) decreases. For t = 5 min, t = 10
min, and t = 20 min the obtained values to the RMS roughness were 8.4 ± 3.0
nm, 6.8 ± 1.3 nm, and 3.7 ± 1.6 nm, respectively. This implies that, although
there is evidence of a decrease in film thickness over time, the average height
is dominated by the height of the hillocks due to their rapid formation.

This notable feature mentioned as "hillocks" [61] is an extrusion of
film material extracted from grains or grain boundaries during a process
that relieves compressive stress caused by a mismatch in thermal expansion
coefficients between h-BN and the substrate, this feature leads to an overvalued
surface roughness in the h-BN films [96].

The tension felt by the film caused by the substrate can create a gradient
between the relatively relaxed grains and the surrounding films. This gradient
causes the atoms to flow along the film-substrate interface, resulting in "hillock"
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growth from the base [96].
In a study by Yang et al. (2018), these features identified as "hillock" were

characterized as islands or detritus in h-BN grown by metalorganic chemical
vapor deposition (MOCVD) in sapphire, and their density was influenced by
NH3 flux [103].

The measured height of the hillock is 10 to 100 nm with a displacement
lateral coverage of 0.1 to 10 nm. The high density of "hillocks" on the h-BN
surface makes it difficult to form thin, smooth films over a large area, and the
roughness of the surface limits the potential applications of the material [103].
Understanding these surface effects is crucial to reducing defects and enabling
the production of continuous films with controlled thickness.

7.4
Contact Angle

The hydrophobicity capacity of the coating was analyzed using the water
contact angle (CA). Figure 7.7 displays water droplets on h-BN thin films for
CA measurements were made considering the synthesized films at different
growth time conditions. The measured CA of the bare Si substrate was θ =
61.0◦±1.0, signifying its hydrophilic nature.

Figure 7.7: Water droplets on bare Si and on the Si substrate coated with h-BN
films at 10 min of growth time deposition. (a) bare Si - θ = 61.0◦ ± 1.0, and
(b) 5 min - θ = 101.0◦ ± 3.0, (c) 10 min - θ = 105.0◦ ± 5.0, and (b) 20 min -
θ = 100.0◦ ± 1.0.

When examining the Si surface coated with h-BN film, for the as-grown
samples the results show clear evidence that the wettability decreased with the
deposition of h-BN thin films at all deposition times. This improvement was
attributed to the outstanding physical properties of h-BN.
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For the grown samples at t = 5 min, t = 10 min, and t = 20 min, the
values obtained for contact angles were θ = 101.0◦ ± 3.0, θ = 105.0◦ ± 5.0,
and θ = 100.0◦ ± 1.0, respectively. All the surface is smooth (roughness RMS
below 8 nm) which indicates that hydrophobicity depends only on the surface
energy of the surface.

7.4.1
Scanning Transmission/Electron Microscopy (SEM) and (STEM)

Figure 7.8 shows scanning electron microscopy (SEM) images of h-BN
films grown on Si <100> under identical conditions for 5, 10, and 20 minutes
of growth time, with a scale bar of 1 and 10 µm, are illustrated the surface
morphology of the samples.

The images reveal a circular pattern inherent to the films under study,
that is, a small aspect ratio. Additionally, these small circular structures,
confirmed in AFM analysis as "hillocks" features with brighter contrast (white)
than the background, are visible in these images.

With increasing growth times (5 to 20 minutes), a smooth and continuous
film forms along the surface of Si, as shown in Figure 7.8 (a, c, e) the 10 µm
scale bar. This indicates that the density of the multilayer sites increases,
suggesting that the growth mechanism follows the Frank Van der Merwe model,
i.e., growth layer-by-layer [27].

This behavior is similar to the growth of graphene in nickel [104] under
LPCVD, except for the presence of multilayer sites and their development over
time. This suggests that the growth of h-BN on Si <100> under such LPCVD
is not self-limiting, in contrast to the case of graphene on the copper substrate
[105].

A cross section SEM image of the hillock is shown in Figure 7.9, the
measured height for this structure was raging from 280 - 350 nm.

The thickness of h-BN multilayer films was further studied using trans-
verse STEM. The surface of the film was coated with a platinum film deposited
with an electron beam (Pt electron surface) with the following dimensions (10
µm × 2 µm × 100 nm).

Subsequently, a second layer of platinum was deposited with an ion beam
(Pt dep) with the following dimensions (to protect it from possible damage
caused by the Ga ion beam). Subsequently, a lamella extracted from the
film was transferred to a grid to obtain the estimated profile height of the
h-BN film through cross-sectional STEM measurements, resulting in a value
of approximately 20 nm, as illustrated in Figure 7.10.
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Figure 7.8: Scanning electron microscopy (SEM) images of h-BN films grown
at 1373 K are provided. (a-b) displays a 5-min grown sample exhibiting a
circular pattern characterized by small aspect ratios, and features identified
as "hillocks" with a brighter contrast (white). (c-d) displays a 10-min grown
sample exhibiting a circular pattern and features and (e-f) depict the sample
at 20-min showcasing a continuous and a coverage of the surface with the h-BN
film.

Figure 7.9: Cross-section SEM image of h-BN film showing the hillock features
with height of ∼ 300 nm
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Figure 8: Cross-section STEM image of h-BN film grown on Si (100) at 10 min (1100°C).  
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Figure 7.10: Cross-section STEM image of h-BN film depicting an h-BN film,
overlaid with a 100 nm thick platinum (Pt) coating, grown on a Si <100>
substrate, following a 10-minute growth period at 1373 K.

7.5
UV-visible spectroscopy

The UV-visible experiment was conducted to investigate the optical
properties of the h-BN film and the optical energy gap related to its direct-
band transition [47]. Absorption spectra were obtained, with the findings
elucidated in Figure 7.11. The samples were irradiated with white light, and
the absorbance of the samples in function of the incident wavelength was
investigated.

From the absorbance graphic, the optical bandgap can be calculated
using Tauc’s Equation 2-2 [68]. This expression is usually used for III-V
semiconductors (wide bandgap) like h-BN. Figure 7.11 shows that the h-
BN film absorption spectra in a wavelength range of 200-340 nm, and one
absorption peak at ∼210 nm is observed.

Besides, a fundamental optical parameter, the optical bandgap (OBG), is
achieved by considering a direct transition between the valence and conduction
bands. When (αhν)2 assumes a zero value, an extrapolation is applied to
determine the spectras offset followed by a straight line. Therefore, the
corresponding hν value aligns with the optical bandgap (Eg). The inset plot of
Figure 7.11 (a-c) depicts the extrapolation made to determine the Eg of the h-
BN film grown at 1373 K at 10 min, the Eg was obtained for the three samples
5.7, 5.6 and 5.7 eV, respectively.

The measured gap for the h-BN film is smaller than the theoretical gap
value of a single layer (6 eV). This could be due to the layer-layer interaction,
i.e., increasing the electronic band dispersion tends to reduce the gap. In
particular, the band gap obtained is larger than the expected value for the
bulk h-BN, ranging from 5.2 to 5.4 eV [5, 69, 56].
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Figure 7.11: The UV-Vis spectrum of h-BN films grown at 1373 K on a silicon
substrate, the inset shows an analysis of the optical bandgap by applying the
Tauc’s equation. samples grown at (a) 5 min the Eg of 5.7 eV (b) 10 min Eg of
5.6 eV and (c) 20 min Eg of 5.7 eV.

As a result, the process observed in this study produces thin BN films.
This analysis provides a comprehension of the optical characteristics of the
material, and then contributes to understanding the photonic behavior of h-
BN and paving the way for optoelectronic and electronic applications.

7.6
Summary

h-BN films were synthesized by varying the growth time, and charac-
terization techniques were employed to elucidate the role of growth time in
the films. The aim was to produce thin films. A correlation was observed be-
tween growth time and film thickness, showing that reducing the growth time
produced thinner films. Furthermore, increasing the time resulted in greater
substrate coverage and films with lower roughness. An important characteristic
observed in the films was the appearance of hillock structures, related to the
random accumulation of material on the surface of the film. These structures
pose a problem as they increase the roughness because they are higher than
the film surface.

Efforts were made to understand the factors that promote these charac-
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teristics. One factor investigated was the treatment time of Si with HF, which
was reduced from 1 minute to 10 seconds, as deep circular structures and holes
in Si were observed. However, the studies did not provide enough information
to infer the contribution of the Si treatment time with HF. Another factor
considered was the growth temperature. Since the melting temperature of Si is
1687 K, films grown at 1273 K did not show these patterns, while films grown
at 1373 K showed hillocks and circular patterns. This information serves as a
starting point for improving the quality of future film growth and controlling
thickness without the formation of hillock structures.



8
Conclusion and perspectives

In summary, h-BN films were synthesized on Si <100> substrates using
LPCVD, employing B and N elemental sources derived from Borane-ammonia
powder. The effect of the growth temperature 1273-1373 K at 10 minutes, and
at 1 hour, and growth durations at 5-20 minutes at 1373 K, was investigated.
A systematic characterization of the as-grown h-BN films was conducted. The
crystalline nature of the h-BN films was confirmed by Raman spectroscopy,
showing a characteristic peak at ∼1374 cm−1. Notably, a correlation between
Raman peak intensity and growth duration was observed, with the increase
in growth time resulting in a gradual increase in Raman peak intensity, in-
dicating that Raman intensity is proportional to the number of h-BN layers.
Further validation of the B-N bond was achieved through FTIR spectroscopy,
which exhibited an absorption band centered at ∼1373.2 cm−1, corroborat-
ing the Raman results. Additionally, X-ray Photoelectron Spectroscopy (XPS)
measurements revealed a B:N ratio of 1.01 in the h-BN films, closely aligning
with the theoretically stoichiometric value of 1.0. XPS studies also demon-
strated the surface protection capability of Si since the measurements were
made one month after growth and did not show the signal corresponding to
SiO2, only relative to Si, however, to understand the protection, it is neces-
sary to conduct corrosion tests or temporal evolution tests. Furthermore, the
XPS analyses corroborated the increase in the number of layers with growth
time, as revealed through the characteristics of the Si substrate in the Survey
spectrum. Atomic Force Microscopy (AFM) was employed to analyze surface
topography and morphology, displaying two features across the film: "hillocks"
and patterned circular structures arranged on the Si surface. As the tem-
perature increased, the surface coverage also increased, which promoted the
appearance and growth of "hillocks". Therefore, temperature plays a crucial
role in the growth kinetics, including desorption and diffusion of species on
the substrate, thereby affecting the nucleation density, the size of nanocrystals
and grains. The evaluation of h-BN thin film wettability indicated enhanced
hydrophobicity compared to bare Si substrates coated with h-BN, showing a
contact angle (CA) of ∼100◦, indicating hydrophobic film properties. The SEM
image indicated features of prominent contrast identified as small patterned
circular structures, suggesting a possible effect of temperature on the recrys-
tallization of Si at temperatures of 1373 K, given that the melting point of Si
is 1687 K, also seen in the AFM analysis. Furthermore, the optical bandgap of
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the h-BN films on Si substrates <100> was determined to be ∼5.6 eV, which
is relatively close to the theoretically calculated value for a monolayer (∼6 eV),
indicating the production of thin films. Furthermore, after understanding pos-
sible factors that affect the quality of the films, better quality was observed in
films grown for 1 hour by varying the temperature. These films exhibit good
quality, smoothness, and continuity without the formation of hillocks, they
were subjected to tribology tests, indicating high wear resistance, and exhib-
ited a low coefficient of friction, showing promise in the application of solid
lubricants, as the coefficient of friction (CoF) was kept low during 1h:40min
of the test. This study has yielded valuable insights into the nucleation and
growth behavior of h-BN, particularly highlighting the formation of thinner
films with decreased growth time, a phenomenon corroborated by complemen-
tary techniques that provided clear evidence of these observations. Films grown
at different temperatures maintaining the same growth period of 10 min ex-
hibited various morphologies, such as 2D nanostructures and continuous films
on the Si surface with different sizes of nanocrystals. Subsequent investigations
are warranted to further elucidate the nucleation and growth mechanisms of
this material, aiming to contribute to advancements in Van der Waals (vdW)
material synthesis. These findings underscore the potential of LPCVD as an
effective technique for achieving controlled growth of continuous h-BN layers
on large areas using Si substrates, which are utilized in the semiconductor
industry. Moreover, the protective, tribological, and hydrophobic properties
of h-BN highlight its utility as an insulator or ultra-wide bandgap material,
wear protective and a water-repellent coating, offering significant potential in
various technological domains, such as optoelectronics, photonics, and ultra-
wide-bandgap electronics.

As a perspective, our aim is to produce continuous 2D films on the
surface. To achieve this, we need to modify the synthesis parameters. In
addition, we plan to deposit other materials, such as graphene and TMDs,
since, as mentioned earlier, h-BN serves as a substrate for these materials. We
also want to continue studying the properties of h-BN as a protective material,
conducting corrosion tests, and using it as a dielectric layer in devices.
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