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Abstract 
 
Hexagonal boron nitride (h-BN) is a layered, wide-bandgap semiconductor, which has 
demonstrated to be an ideal complementary material for various other two-dimensional materials 
as substrates and encapsulating layers. h-BN is also suggested as a promising material to be used 
for non-volatile memory devices, barrier layers for anti-corrosion and -oxidation, and for quantum 
information usage, such as single photon emitters. However, the synthesis of h-BN films in 
particular multilayers with high crystallinity, low roughness, low defect density and on large scale 
is still very challenging. In this project, three methods based on chemical vapor deposition (CVD) 
were developed to explore the possibility to synthesize h-BN multilayers on large scale with high 
quality. 
 
The first method relies on the low roughness of sapphire which allows sapphire to work as a 
template for h-BN films. h-BN multilayers were directly deposited onto sapphire with controllable 
thickness, and the crystallinity was further optimized by post annealing. A specific method was 
developed to transfer h-BN films from sapphire with the bottom h-BN surface flipped up, and 
results show that the bottom h-BN surface partially inherits the low roughness of sapphire, and 
the bottom film surfaces show roughness which is almost 3 times smaller than that from the top 
h-BN surface. Such h-BN films show high potential to be used as substrates. 
 
With the second method, growth of h-BN multilayers directly on sapphire with high crystallinity 
from a gallium based catalyst was explored. Both iron-gallium (Fe-Ga) alloy and pure gallium were 
used for the growth with different sources. Fe-Ga alloy works at high temperature with bulk h-BN 
as the source, thick h-BN domains as thick as 80 nm could be obtained, but with low coverage. 
Pure gallium works at lower temperature with borazine as the source, and continuous films were 
synthesized but with lower thickness in the range of 4-7 nm. Detailed studies of Ga-based synthesis 
showed epitaxial growth, as well as some carbon contamination limited to very small domains. A 
growth mechanism is also proposed based on the study of the growth process.  
 
An easy, scalable, and low-cost way of synthesizing h-BN multilayers was developed as the third 
method. Here boron-containing metallic glass was used as the substrates, and by annealing in 
ammonia, h-BN films on centimeter-scale can be obtained. Results show that the thickness of h-
BN films within a broad range of process parameters self-limits to ca. 12 nm. Some carbon 
contamination was also detected in the film, but can be removed by pre-oxidation of the substrate 
before annealing. The resulting film shows possible applications in memory devices. 
 
These methods and results presented in this project form the basis for further optimization toward 
the goal of high quality h-BN films on semiconductor grade, and pave the way for developing 
various applications of 2D materials as a useful platform. 
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Resumé 
 
Heksgonal bornitrid (h-BN) er en lagdel halvleder med et stort båndgab, som har vist sig at væ re 
et ideal substrater og indkapslingslag materiale for andre todimensionale materialer. Derudover 
foreslås h-BN som et lovende materiale, der kan bruges til ikke-flygtige hukommelsesenheder, 
barrierer lag til korrosions- og oxidationsbeskyttelse og til kvanteinformation, såsom 
enkeltfotonemittere. Imidlertid er syntesen af h-BN-film stadig meget udfordrende, isæ r flerlags 
h-BN af høj krystallinitet, lav ruhed, få defekter og i stor skala. I dette projekt blev tre metoder 
baseret på kemisk dampaflejring (CVD) udviklet til at undersøge mulighederne for syntetisere af 
flerlags h-BN i stor skala og af høj kvalitet. 
 
Den første metode udnytter den lave ruhed af safir, som gør det muligt at bruge safir som en 
skabelon for h-BN-filmen. Flerlags h-BN af kontrollerbar tykkelse blev direkte deponeret på safir, 
og krystalliniteten af filmen blev optimeret ved efterfølgende udglødning. En metode blev udviklet 
til at overføre h-BN-film fra safir med undersiden vendt op. Resultaterne viser, at undersiden af h-
BN-filmen delvist efterligne safirens lave ruhed, og filmens underside er næ sten tre gange mindre 
ru end filmes overside. Sådanne h-BN-film har stort potentiale som substrater. 
 
Med den anden metode blev groning af flerlags h-BN direkte på safir med høj krystallinitet fra en 
galliumbaseret katalysator undersøgt. Både en jern-gallium (Fe-Ga) legering og ren gallium blev 
brugt til groning med forskellige bor og nitrogen kilder. Fe-Ga-legering fungerer ved høje 
temperature med bulk h-BN som kilde, h-BN-domæ ner med tykkelser op mod 80 nm kunne opnås, 
men med en lav dæ kningsgrad. Rent gallium fungerer ved lavere temperatur med borazin som 
kilde, og resultere i kontinuerlige film, men af lavere tykkelse, 4-7 nm. Detaljeret undersøgelse af 
den Ga-baseret syntese viste epitaksial groning men også noget kulstofforurening dog begræ nset 
til meget små domæ ner. En groningsmekanisme foreslås også baseret på undersøgelsen af 
groningsprocessen. 
 
En nem, skalerbar og billig måde at syntetisere flerlags h-BN blev udviklet som den tredje metode. 
Her blev borholdigt metalglas brugt som substrat, som ved udglødning i ammoniak fører til en 
centimeter skala h-BN-film. Tykkelsen af h-BN-film for denne metode er begræ nset til ca. 12 nm 
inden for en bred vifte af procesparametre. Noget kulstofforurening detekteres også i filmen, men 
kan fjernes ved præ oxidation til substratet inden udglødning. Denne film viser mulige 
applikationer inden for hukommelsesenheder. 
 
Metoderne og resultaterne præ senteret i dette projekt danner grundlaget for fremtidige 
optimeringer mod målet om højkvalitets h-BN-film og baner vejen for at udvikle forskellige 
anvendelser af 2D-materialer. 
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Chapter 1 Introduction 
 
1.1 Motivation  
Since its exfoliation for the first time in 2004,1 graphene has been one of the brightest stars in 
scientific world due to its unique mechanical and electronic properties, which is believed to have 
the potential to open a new era of carbon-technologies.2-3 Hexagonal boron nitride (h-BN) has the 
similar honeycomb structures to that of graphene with lattice mismatch as low as 1.7%, and the 
layers are also held together by weak van der Waals forces.4 What is different is that h-BN has a 
large band of ca. 6 eV with the lattice composed of nitrogen and boron atoms instead of carbon 
(Figure 1.1).5-6 Because of the optical transparency and the similarity in structure mentioned above, 
h-BN is often called as “white graphene”.7-9 

 
 
Figure 1.1: Layered structure of graphene and h-BN. In (a) dispalys the structure of few layer 
graphene in AA stacking, which has quite similar structure to that of h-BN in AA’ stacking (b). 
Related bond length and interlayer spacing are shown as well. (a) Reproduced from Ref. [5]. (b) 
Reproduced from Ref. [6]. 
 
Despite of the lattice similarity and large band gap, h-BN is also suggested to have atomic smooth 
surface, and low surface charge trap density, and lower scattering from optical phonons, which 
makes h-BN films a promising dielectric layer for graphene based devices.10-14 Dean et al. reported 
that by using h-BN as the dielectric layer in graphene devices, both the surface roughness and 
charge doping can be decreased, and thus a large increase of carrier mobility can be observed.10  
A full encapsulation of graphene film in h-BN layers also makes graphene more stable and close to 
its intrinsic properties under various environment.12,15-18 Ballistic transport with distance over 
micrometers has been reported with graphene encapsulated in h-BN.19-22 By encapsulating in h-
BN, clean interface of h-BN-graphene can be realized, which is suggest to account for the high 
performance of graphene.23, 24 A TEM (Transmission Electron Microscopy) study also shows that 
the roughness of graphene films can be further decrease to 12 ppm once encapsulated between 
h-BN layers.25 Once encapsulated, graphene shows surface plasmon polaritons (SPPs) with longer 
lifetime, enabling exploring more intrinsic properties of graphene plasmaons.26, 27 Besides, with h-
BN as the substrates, moiré superlattices emerge with sub-bands formation in graphene showing 
novel properties.28-30 h-BN is also proved to be an excellent dielectric material for other 2D films.31, 

32  
 

Note that most of the h-BN films used in such devices with high performance were exfoliated from 
bulk h-BN crystals which is normally prepared by precipitation from metal flux.33-35 For practical 
applications, high quality h-BN films on large scale is greatly desired. Currently the size of all the 
bulk h-BN prepared by this method are less than 2 centimeters based on the literature,34, 36 and 
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the largest domains are ca. 5 mm in size.36 Theoretically people could use large containers for 
metal flux to prepare h-BN crystals on wafer size, but these crystals are normally thicker than 10 
µm, so further exfoliation is usually needed to prepare h-BN films with suitable thickness for 
devices fabrication,10-13 which turns out to be difficult with low yield, and the exfoliation for large 
scale production with controllable thickness could be another challenge.37 Methods for large scale 
precipitation with desired thickness is highly expected, which has not been reported in literature 
yet. 
 
Chemical vapor deposition (CVD) is demonstrated as an effective way for large scale synthesis of 
two-dimensional materials.38, 39 By using such method, graphene single crystals in meter size and 
h-BN monolayers as large as 25-inch has been demonstrated.40, 41 h-BN multilayers on large scale 
were also synthesized by CVD methods, however, most of the films reported still show high 
roughness over 1 nm or low crystallinity,42, 43 which is far from the high quality as those exfoliated 
from bulk h-BN crystals. Some issues still need to be addressed in order to synthesize high quality 
h-BN multilayers with desired thickness, high crystallinity and purity, which is discussed as below. 
 

      
Figure 1.2: (a) h-BN multilayers show different thickness based on the domains indicating poor 
inhomogeneity. Reproduced from Ref. [48]. (b) h-BN multilayers show increasing roughness as 
the thickness increases. Reproduced from Ref. [47]. (c) A Cathodoluminescence image shows the 
carbon contamination in exfoliated h-BN domains. Reproduced from Ref. [51].  
 
Firstly, h-BN growth is highly influenced by the catalytic effect of the substrates. Dielectric 
substrates such as sapphire and quartz do not have catalytic effect, and high temperature is 
normally used in such process to promote the decomposition of the source that is used for growth, 
and to increase the crystallinity of the film.44, 45 Once the temperature is high enough to overcome 
the energy barrier for source decomposition and atoms migration, then synthesizing thick films is 
possible, though high temperature means more energy consumption. Some metals can be used as 
the catalyst for h-BN multilayer growth as reported in literature, unfortunately the catalytic effect 
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will decrease as the metal surface is covered by h-BN films, which will make the growth difficult to 
proceed for additional layers.42, 46 And decreased catalytic capability will also lead to poor 
crystallinity of h-BN films.47 On the other hand, catalytic effect of metals is highly related to the 
crystal orientations. On facets with high catalytic capability, h-BN films will show increased 
thickness compared to those from facet with less catalytic effect, which makes h-BN multilayers 
grown on polycrystalline foils to be inhomogeneous (Figure 1.2a).48 Metallic single crystals could 
be an option to grow homogenous h-BN multilayers, while the high cost may hinders its large area 
production.46 Depositing thin metal films onto single crystals such as sapphire and spinel followed 
by annealing could be promising way to prepare single crystalline catalysts for growth, however 
avoiding twin boundaries in the metal films could be quite difficult to realize.43, 49 
 
Secondly, Roughness and purity are two other factors that need to be considered. h-BN multilayers 
synthesized by CVD method usually show high roughness based on the literature (Figure 1.2b),42, 

47 which is not easy to control. Some h-BN films with atomic smooth surface are mostly synthesized 
by epitaxy with sapphire as the template at very high temperatures.44 Besides, later transfer 
process can also induce roughness to the film, as more wrinkles can be detected after transfer as 
reported.50 Moreover, contaminants including oxygen and carbon are sometimes observed in films 
prepared by CVD and the precipitation methods (Figure 1.2c),51, 52 which have been suggested to 
deteriorate electrical properties of 2D devices according to both experimental results and 
theoretical calculations.53 More efforts need to be taken to address the roughness and impurity 
problems in order to have high quality h-BN films. 
 
The motivation of this project presented in the thesis is trying to address the above mentioned 
issues by developing methods based on CVD to obtain h-BN multilayers with high crystallinity and 
low roughness, and new methods that can be used to synthesis h-BN films on large scale with low 
cost. Some of the h-BN multilayers synthesized will be tested as dielectric layers for graphene 
devices, and we will also try to explore other possible applications of the h-BN films as resistive 
switching material. 
 
1.2 Hypotheses and methods 
The work presented in the thesis is carried out based on following hypotheses. 
 
Hypothesis 1: h-BN multilayers can replicate the low roughness of sapphire 
 
Growth of h-BN films on sapphire has been widely explored in literature.44, 54 Although thick films 
can be easily obtained at high temperature, the h-BN films show wrinkles and clusters on top 
surface which resulted high roughness.54 Researchers are paying too much attention to the top 
surface of h-BN, but will the bottom surface of h-BN which is in direct contact with sapphire still 
have low roughness? Here sapphire will work as a template for h-BN growth, during which h-BN 
multilayers may replicate the surface morphology of sapphire with low roughness. Then after a 
flipped transfer, the bottom surface of h-BN can be exposed and may work as an ideal substrates 
for graphene devices.  

 
Figure 1.3: A schematic show of h-BN multilayers grown on sapphire with the bottom surface 
showing much lower roughness.  
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For the synthesis, h-BN will be deposited onto sapphire using normal CVD method with borazine 
as the source,52 then in order to further improve the crystallinity, the film on sapphire will be 
annealed at high temperature (1200 °C-1600 °C). Then a specific transfer method with PVA and 
PMMA as the supporting layers will be used to transfer h-BN films from sapphire with the bottom 
surface exposed. 
 
Hypothesis 2: h-BN films can grow at the interface of dielectric substrates and catalyst with a 
diffusion process 
 
As mentioned above, the catalytic effect of metal substrates will decrease if the metal surface is 
covered by a continuous h-BN film. If h-BN films grow at the h-BN-catalyst interface instead of on 
top of h-BN, then there will always be a catalytic surface to promote the growth. Similar to the 1-
dimensional nanowire growth by Vapor-Liquid-Solid (VLS) process during which source atoms are 
supplied through the catalyst,55 h-BN films may be synthesized by a similar diffusion process with 
boron and nitrogen atoms supplied to the interface for growth (Figure 1.4).56 

 
Figure 1.4: A schematic show of h-BN growth at the gallium-sapphire interface. Here boron and 
nitrogen atoms from the source are expected to diffuse to the interface to support the growth. 
 
Here we will explore gallium and gallium-iron alloy as the catalyst to directly synthesize h-BN 
multilayers at the interface with dielectrics.57 The catalyst will be placed onto sapphire, and 
hexagonal boron nitride powder or borazine will be utilized as the source to grow h-BN. And 
compared to the reported work based on VLS growth with Fe-B alloy at high temperature,56 our 
work aims to supply both boron and nitrogen atoms from the gaseous phase, and we will try to 
synthesize the multilayers with easily accessible materials without further preparation as it could 
be more suitable for later large-scale preparation.   
 
Hypothesis 3: h-BN films can be synthesized by direct nitridation to the boron atoms from boron-
metal alloys  
 
Researchers from our group developed a universal method to synthesize transition metal 
dichalcogenides (TMD) using metal source from related gold alloys and sulfur (or selenium) atoms 
from gaseous phase.58 Similarly boron atoms from some metal alloys could be used as the source 
for h-BN growth in a nitrogen-containing atmosphere by simply annealing. 
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Figure 1.5: A schematic show of h-BN multilayers synthesized on metallic glass. Here boron 
atoms diffuse to the metal surface and react with nitrogen atoms from ammonia forming h-BN 
films. 
 
Here an alloy called metallic glass with a composition of Fe40Ni38Mo4B18 which has an amorphous 
structure will be used as the substrate for h-BN growth.59 Such material is commercially available 
and widely used as a welding material with low cost. And NH3 will be used as the nitrogen source 
which can decompose at relatively low temperature.60 During the annealing process, boron atoms 
are expected to diffuse from the bulk to the surface and react with nitrogen atoms forming h-BN 
multilayers (Figure 1.5). This method could be very suitable for large scale production with low 
cost. 
 
1.3 Thesis outline 
In chapter 1, a general summary of the research area is introduced, followed by a description of 
the motivation. Some hypothesis of the project is explained, based on which we performed specific 
experiments that will be introduced in detail in later chapters. And related methods that are 
utilized to examine the hypothesis and study the films are also mentioned in this part. 
 
Chapter 2 presents a detailed introduction to hexagonal boron nitride from its most basic 
properties to its different methods of preparation. To be more specific, some important properties 
of h-BN film are highlighted firstly, which explains why h-BN films are interesting and what h-BN 
films could possibly be used for. To be used as the dielectric layers and encapsulating layers are 
just two of the many applications of h-BN, and we will also introduce another interesting 
application in memristors. Then some of the most important factors (thickness, roughness, purity 
and crystallinity) that may influence the devices performance when h-BN is used as the dielectric 
layers are described. Thirdly, much effort is then put on reviewing the different methods of 
synthesizing h-BN monolayer and multilayers on various substrates by CVD method, highlighting 
the state-of-art status of the synthesis, which shows there are still lots of problems needed to be 
addressed for practical applications. In the end, the synthesis by precipitation from metal flux is 
also introduced, which further indicates we need to pay more attention to the issues of thickness 
control and scalability. 
 
In chapter 3 growth of h-BN films on sapphire and flipped transfer of such films are explored based 
on the first hypothesis. By using high borazine flow rate, h-BN film can be directly deposited though 
with low crystallinity. After annealing at higher temperature, crystallinity of such films increases a 
lot as indicated by Raman spectra. Besides, high temperature annealing also helps to remove 
wrinkles after transfer. The flipped transfer is realized by using both PVA and PMMA films as the 
supporting layer, and the bottom h-BN does show much lower surface roughness, which has the 
potential to be used as the substrates for 2D materials. 
 
The work present in Chapter 4 is based on Hypothesis 2. We successfully synthesized h-BN films at 
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the Ga-Fe/sapphire interface with h-BN powder as the source and at the Ga/sapphire interface 
with borazine as the source. With Ga-Fe as the catalyst, the synthesized films show high thickness 
but with low coverage. The domains show sharp edges in triangular shapes which indicates high 
crystallinity. In order to synthesize more continuous film, borazine was used as the precursors for 
h-BN growth. With Ga as the catalyst, continuous h-BN films can be obtained under Ga, however, 
the films have lower thickness of ca. 5 nm. Later experiments were focused on exploring the 
growth mechanism, results show that the thickness is not highly dependent on growth time and 
borazine partial pressure.  
 
In chapter 5, synthesis of h-BN multilayers on boron-containing metallic glass will be presented. 
By simply annealing in NH3, uniform multilayers can be obtained. Moreover, h-BN films here show 
self-limited growth that the thickness of the multilayers will not significantly change with annealing 
time or temperature. The resulting films were used to fabricate resistive switching devices. Though 
some carbon contamination is observed in the film, such method still shows high potential for 
large area production with low cost. 
 
In chapter 6 comes the conclusion and outlook. Results from the experiments will be further 
summarized here. The methods presented here are just one step further to realize the final goal 
of large scale application, and there are more hypotheses that need further exploration based on 
the results presented, and some of the experiment plans will be discussed then. 
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Chapter 2 Properties and synthesis of h-BN: a review  
 
In this chapter, structure and superior properties of h-BN will be introduced firstly, then possible 
factors that could influence performance of graphene devices will be elucidated. Furthermore, 
methods for the preparation of h-BN monolayers and multilayers will be reviewed along with the 
state-of-art in the field. Such a review will further explain why h-BN is interesting and show the 
possible problems that need to be addressed for the synthesis.  
 
2.1 Structure and properties of h-BN 
2.1.1 Structure of h-BN 
Normally 6 polymorphs of boron nitride can be found in literature (Figure 2.1), which are cubic BN 
(c-BN), wurtzite BN (w-BN), hexagonal BN (h-BN), rhombohedral BN (r-BN), Fullerene-like BN and 
BN nanotubes.61, 62 Boron and nitrogen atoms in c-BN and w-BN bound with each by sp3 orbitals 
while in h-BN and r-BN atoms show a sp2-bonded structure, for such reasons layered structures 
(2-dimensional) can be exfoliated from h-BN and r-BN. And BN nanotubes and fullerene BN 
normally exist in a 1-dimensional and 0-dimensional way, respectively.  
 

 
Figure 2.1: Polymorphs of boron nitride. (a) c-BN. (b) w-BN. (c) h-BN. (d) r-BN. Reproduced from 
Ref. [61]. (e) BN nanotube. (f) Fullerene BN. Reproduced from Ref. [62]. 
 
Among the 6 allotropes, h-BN has the most similar structure to that of graphite as shown in the 
former chapter (Figure 1.1).5, 6 They all have the hexagonal crystal structure, and the atoms of each 
layer are held together by covalent bonds. Weak van der Waals interaction between layers makes 
easy sliding and exfoliation possible. Lattice parameters and distances of lattice spacing are also 
very close to those of graphene. A summary of the information of crystal structure can be found 
in table 1. 63 
 

 
Despite the composition difference as mentioned before, the other difference that is worth 
mentioning is the stacking order. In bulk h-BN, boron atoms usually stay directly on top of nitrogen 
atoms and vice versa, which is called AA’ stacking and regarded as the most stable state.64, 65 While 
in graphite, carbon atoms normally stay above the centers of hexagons from adjacent layers, i.e. 
shifted by 1/2 hexagon, which is normally termed Bernal stacking or AB stacking, and is the most 
energetically favorable state.66 It should be noted that h-BN in AB stacking also exists, but with an 
0.6 eV smaller band gap according to theoretical calculations. 67 
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The similarity between structures is one of the main reasons why h-BN can work as a suitable 
template for graphene growth, and in this way novel in-plane and vertical heterostructures can be 
obtained.68 Other properties which make h-BN useful and complementary for graphene devices 
will be discussed as below. 
 
2.1.2 Properties of h-BN 
Due to the use as a dielectric layer within graphene electronics, researchers are particularly 
interested in multilayer h-BN with thicknesses in the range from 5 nm to 100 nm. Similar to 
common nanomaterials, properties of 2D h-BN can be different compared to that of bulk material 
due to the change in thickness, surface energy and density of defects, which make it more 
fascinating and attractive for exploring.69, 70 
 
Electrical properties of h-BN. The difference of electronegativity between boron and nitrogen 
atoms induces ionic characteristics to the covalent bond and makes h-BN a semiconductor with a 
large band gap of 6 eV, which in many situations can be used as an insulator. Hattori et al. used 
conductive atomic force microscopy (CAFM) to study the dielectric breakdown characteristics of 
exfoliated h-BN, and showed that exfoliated h-BN can hold the electric field as high as 12 MV/cm, 
which is comparable to that of normal silicon dioxide layers as shown in Figure 2.2a.71 The dielectric 
constant (ε) is also very similar to that of SiO2 (Figure 2.2b). These characteristics make h-BN a 
promising candidate for dielectric spacers in graphene electronic and optoelectronic devices.  

 
Figure 2.2: Electrical characteristics of h-BN. (a) Electrical breakdown field of of h-BN and SiO2 of 
different thickness. Reproduced from Ref. [71]. (b) h-BN and SiO2 exhibiting a similar dielectric 
constant. Reproduced from Ref. [71]. (c) Band gap of h-BN decreases with prolonged plasma 
time. Reproduced from Ref. [53]. (d) Band gap of h-BN with different content of carbon doped. 

Reproduced from Ref. [72]. 
 
The electrical properties of h-BN can also be modified by doping with hetero-atoms. For example, 
when it treated with oxygen plasma, the band gap of h-BN will decrease from 6 eV to 4.31 eV 
based on the oxygen content incorporated into the lattice (Figure 2.2c).53 Besides, the electrical 
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resistance will also show a large reduction by 2 orders of magnitude. Moreover, a band gap as 
small as 2.08 eV can be obtained when h-BN was doped with enough carbon (Figure 2.2d).72 The 
increase in electrical conductivity also makes it possible to work as a catalyst for photoredox 
reactions. 
 
Theoretical calculations also predict more interesting properties when h-BN is in the 1D state, i.e. 
h-BN nanoribbons.73-75 Park et al. suggested that band gap of h-BN ribbons with zigzag and 
armchair edges that passivated by hydrogen will converge to a specific value within the width of 
10 nm.75 For examples, ribbons with zigzag edges show a band gap of ca. 3.8 eV with the width of 
10 nm. On the other hand, when passivated by oxygen or sulfur atoms, h-BN nanoribbons with 
zigzag edges may show metallic behavior.74 

 
Figure 2.3: (a) Preparation of BN nanoribbons by unzipping BN nanotubes. (b) TEM image of BN 
nanoribbon attached to electrodes. (c) I-V characteristics of BN nanoribbons. Reproduced from 
Ref. [73]. 
 
One experimental study of the h-BN ribbons was reported by Zeng et al.73 In this experiment, h-
BN ribbons with monolayer or multilayer thickness were fabricated by unzipping multiwalled BN 
nanotubes by plasma etching (Figure 2.3a), which were suggested to mostly have zigzag edges. 
Electrical measurements of such ribbons showed semiconducting characteristics (Figure 2.3b and 
c), and hole mobility as high as 58.8 cm2/Vs was achieved.  
 
Optical properties of h-BN. Due to its large band gap of ca. 6 eV, h-BN shows no absorbance in the 
visible-light regime (390-700 nm), while there is strong absorption that can be detected in the UV 
region (210-220 nm) (Figure 2.4a).76 Such absorption characteristics make h-BN a useful material 
to be used in the devices for UV light detection.77 

 
h-BN films also show strong Cathodoluminescence (CL) emission in the UV region.35, 78 The peak 
sequence located at 210-215 nm region is normally referred as S series, and considered as an 
intrinsic characteristic, while the other peaks in the range of 220-227 nm are usually called the D 
series, and related to structural defects such as dislocations and grain boundaries.35 A typical CL is 
shown in Figure 2.4b. 
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Figure 2.4: Optical properties of h-BN. (a) Absorption of h-BN in the UV region. Reproduced from 
Ref. [76]. (b) CL emission of h-BN with two dominant peaks. Reproduced from Ref. [78]. (c) 
Raman spectra of h-BN in interlayer shear mode and in-plane mode, and peak positions of both 
modes will change slightly with layer thickness. Reproduced from Ref. [35]. (d) Peak positions in 
interlayer shear mode are more sensitive to thickness compared to the in-plane mode. 

Reproduced from Ref. [35]. (e) Typical IR spectrum of h-BN. Reproduced from Ref. [61]. 
 
Raman spectroscopy is another useful method to study the structural properties of h-BN films. The 
most commonly used  peak is observed at ca. 1369-1370 cm-1 for h-BN monolayer, and  related to 
the in-plane vibration of atoms (E2g) (Figure 2.4c).35 For thick layers, a red-shift in the peak is 
normally detected, which could be caused by the elongation of B-N bonds and a softening of the 
phonons due to the existence of neighbor layers. Raman peaks at lower frequency (50-53 cm-1) 
which is related to the interlayer shear mode (Figure 3.4c) is more sensitive to thickness, so the 
peak positions may be used to determine its thickness (Figure 2.4d). Moreover, full width at half 
maximum (FWHM) of E2g peaks is often used to characterize the crystallinity. h-BN films with low 
crystallinity show broad peak with FWHM as large as 50 cm-1,47 while it can be as small as 9.0 cm-

1 for those prepared by precipitation from metal flux.34 

 
Besides, h-BN is also IR-active.61, 79 In a typical IR spectrum (Figure 2.4e), a sharp peak at 811 cm-1 

and a broad peak in the range of 1350-1520 cm-1 are commonly observed,61 which are ascribed to 
the B-N-B bending vibration mode and the B-N stretching vibration mode, respectively. 
 
Thermal properties of h-BN. Similar to graphene, h-BN is also predicted to have outstanding 
thermal transport properties.80 Theoretical calculations suggest that the in-plane thermal 
conductivity of an h-BN film can be as high as 537 W/mK, while the out-of-plane thermal 
conductivity is very low as 4.1 W/mK at room temperature for bulk material. These results agree 
well with the experimental measurements proving the anisotropic thermal conductivity behavior 
in h-BN.80 
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Figure 2.5: Thermal properties of mono and few-layer h-BN. (a) Both theoretical calculations and 
experimental results show that thermal conductivity of h-BN will decrease with increasing 
thickness under different temperatures. Reproduced from Ref. [81]. (b) Theoretical and 
experimental results indicate that both monoisotopic h-10BN and h-11BN have higher thermal 
conductivity compared to that of natural h-BN. Reproduced from Ref. [82]. 
 
 
The thermal conductivity of monolayer h-BN was also reported.81 Experimental results show that 
thermal conductivity of single layer h-BN is 751 W/mK at room temperature. And the conductivity 
will decrease with increasing thickness (Figure 2.5a), which could be explained by the increased 
out-of-plane acoustic (ZA) phonon scattering. Moreover, engineering of the thermal conductivity 
is also possible by controlling the boron isotope concentration.82 Results suggest that thermal 
conductivity of h-BN with monoisotopic 10B is ca. 80% higher than that of h-BN with natural 
isotopes due to less phonon scattering (Figure 2.5b).  
 
Mechanical properties of h-BN. It is well known that bulk h-BN can be used as lubricant due to the 
weak van der Waals interactions between layers which together with the atomic smoothness 
allows for near-dissipation less sliding.83, 84 The self-lubrication is not as effective as graphite, but 
arguably more suitable for high temperature applications.85 Studies suggest that when utilized 
with steel, h-BN only slightly increases the coefficient of friction, but greatly decreases wear. Boron 
was found to stay on the surface of steel, and small portion of boron even got oxidized according 
to the study.83 

 
Both theoretical and experimental studies show that h-BN films have outstanding mechanical 
properties approaching those of  graphene.78, 82, 86, 87 Young’s modulus and fracture strength of 
single layer h-BN were measured to be 0.865±0.073 TPa and 70.5±5.5 GPa, respectively, which is 
slightly lower than that of single layer graphene.86 Further studies show that Young’s modulus and 
fracture strength will not decrease dramatically with thickness, while such parameters of graphene 
will deteriorate significantly with increased thickness as shown in Figure 2.6a and b. Theoretical 
calculations suggest that such difference is caused by different interactions between layers. With 
in-plane strain or out-of-plane compression applied, it is energetically favorable to slide in the 
layers of graphene, while h-BN layers seem to bind to each other more strongly.86  
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Figure 2.6: Mechanical properties of h-BN. (a) Compared to that of graphene, Young’s modulus 
of h-BN does not show significant decrease with layer numbers. (b) Breaking strength of h-BN 
does not decrease with layer numbers, which is different than for graphene. Reproduced from 
Ref. [86]. 
 
Oxidation resistance of h-BN. h-B films exfoliated on SiO2 show high oxidation resistance upon 
heating.85, 88 Monolayer h-BN is stable below 840 °C. Once heated at 850 °C, h-BN monolayer shows 
oxidation (Figure 2.7a), and can be burnt out completely after long-time heat at 860 °C. The 
resistance to oxidation slightly increases with thickness (Figure 2.7b-e), and h-BN bulk shows no 
oxidation at all by heating up to 870 °C.88 Such oxidation resistance makes h-BN films an 
outstanding material for coatings for high temperature application. 
 
Piezoelectricity of h-BN. Monolayer h-BN is also suggested to be piezoelectric because of the lack 
of centrosymmetry in the honeycomb lattice while such piezoelectricity does not exist in few-layer 
h-BN or the bulk.89, 90 Recently Ares et al. showed experimental proof of such piezoelectricity in 
monolayer h-BN by using electrostatic force microscopy (EFM).89 With this technique, enhanced 
electric field can be directly visualized over and around bubbles and folded edges from a 
monolayer h-BN film (Figure 2.7f-h), which is induced by the local strain in these areas. No such 
contrast was observed in bilayer or bulk of h-BN. 
 
Field emission of h-BN. h-BN films are also shown to have field emission properties.91, 92 For films 
thicker than 20 nm, the turn-on voltage seems to decrease with increasing surface roughness, 
remaining larger than 8.3 V/um.91 Lower turn-on voltage (1-1.3 V/µm) is reported from highly 
porous h-BN spheres, and the outstanding emission properties are attributed to the existence of 
h-BN ribbons with zigzag edges, which can behave like metals according to the theoretical 
calculation.92 

 
Other unusual and useful properties of h-BN, such as magnetism,93 catalysis and wettability,61, 94 
have also been reported, opening even more opportunities for  h-BN to be used in future 
technology. 
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Figure 2.7: Chemical stability and Piezoelectricity of h-BN. (a-e) AFM images of h-BN with 
different thickness after burning in air for two hours. h-BN shows high chemical stability up to 
850 °C, and increased stability can be observed in thicker films. Reproduced from Ref. [88]. (f) 
Topography and (g) electric images of a bubble. (h) Height and electric profile along the dashed 
lines in (f) and (g), and the broader electric profile indicate that piezo-induced electrical field also 
exist at the periphery of the bubble. Reproduced from Ref. [89]. 
 
2.2 h-BN as dielectric layers for electronics 
As mentioned before, h-BN films show high potential to be used as dielectric substrates and 
encapsulation layers for various 2D materials.10-14 h-BN substrates play an important role in 
improving the performance of graphene devices mainly by screening phonons and trapped charges 
from SiO2 and decreasing the roughness of graphene.10, 24 By fully encapsulating graphene films in 
h-BN, ballistic transport over 28 µm was realized.19 Based on reports in literature, encapsulating 
layers of h-BN mainly were used mostly in three ways. Firstly, to be used as a carrier layer. In order 
to transfer graphene flakes onto target substrates, h-BN films can be used as the carrier layer to 
avoid polymer contamination.11 Many works have suggested that the improvements by 
encapsulating in h-BN are due to the clean interface between graphene and h-BN.23, 24 Both 
monolayer and multilayer h-BN can be used as the carrier layer.11, 19 Secondly, to be used as the 
dielectrics under top electrode.16 h-BN used to carry graphene can stay on top of graphene, and 
top electrodes can be directly fabricated on h-BN. In this case, the thickness of h-BN will be 
important in order to avoid current leakage. Finally, to be used to protect air-sensitive materials.32 
For this purpose, thickness and chemical stability of h-BN could be more important in order to 
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provide enough protection to the film underneath. Compared to monolayer h-BN, thick h-BN can 
provide better chemical stability and mechanical strength facilitating the fabricating process.86, 88 
Once used as the dielectric layer under top electrodes, the encapsulating films are expected to 
have comparable characteristics to the h-BN substrates used on SiO2. 

 In graphene devices, both the h-BN dielectric substrates and the encapsulating layers will form 
direct contact with graphene, which will influence the properties of graphene directly. Given that 
the influences of h-BN substrates to graphene are more thoroughly studied compared to h-BN as 
an encapsulating layer, reviewing of factors that will influence graphene performance is based on 
work with h-BN as the substrates. Factors including thickness, roughness, purity and crystallinity 
will be discussed below in order to how these factors may influence the performance of graphene. 

2.2.1 Thickness of h-BN 
The thickness of h-BN has been suggested as one of the many factors that will influence the 
electrical performance of graphene devices.95-97 Though h-BN has a large bandgap and low 
dielectric constant, electrons can still tunnel through few layer films leading to a leakagecurrent.95, 

96 Britnell et al. systematically studied the electron tunneling behaviors through thin h-BN layers, 
and they found that tunnel current exponentially depends on the thickness of h-BN films at high 
bias (>0.5 V) and linearly at low bias (<0.5 V) (Figure 2.8a).95 The tunneling current can be greatly 
decreased by using 4 layers of h-BN. Moreover, a clear increase of the zero-bias resistance with 
increasing thickness is shown in Figure 2.8b. 

 
Figure 2.8: (a) Tunneling current from devices with h-BN as the barrier with different thickness. 
(a) Increasing zero-bias resistance with higher h-BN thickness. Reproduced from Ref. [95]. (c) 
Thicker h-BN films show increased screening capability as indicated by more potential shift. 

Reproduced from Ref. [98]. (d) Room temperature mobility of graphene increased with the 
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bottom h-BN thickness. Reproduced from Ref. [97]. 
 

Dielectric screening properties of h-BN films are also important when it comes to optimize the 
performance of 2D devices. Li et al. used phase shift (Vs) from electric force microscopy of different 
h-BN layers to show how the screening capabilities change with thickness.98 The phase shift will 
move to high values with the increasing thickness indicating a better screening effect. Figure 2.8c 
shows the phase shift deviations of h-BN with different thickness from the bulk h-BN crystal 
(ΔVs=Vs(bulk)-Vs), which clearly shows how the screening capability will increase with film thickness. 
Thin layers of h-BN sometimes cannot effectively screen the charges in the SiO2 substrate 
underneath, and therefore cannot prevent Coulomb scattering on these and the consequent 
decrease of carrier mobility. . 
 
A more direct evidence of how the thickness of h-BN as dielectrics will influence the mobility of 
graphene can be noticed in Figure 2.8d.97 It is obvious that mobility will increase with the h-BN 
thickness for thin films less than 20 nm, however, when h-BN film is thicker than 20 nm, the 
mobility will not increase significantly anymore.  
 
It will be wise to choose h-BN films with suitable thickness based on applications and working 
principle of the device. For example, very thin h-BN film will be used to enable electron tunneling 
in vertical tunneling transistors, and where an ultrahigh carrier mobility is not required. While in 
various field effect transistors, thick h-BN dielectric layers could be a better option. 

 
2.2.2 Roughness of h-BN 
Roughness of graphene is suggested as one of the sources of scattering which will lower its mobility. 
Early studies show that movement of electrons will be influenced by a potential that depends on 
roughness or local curvature of graphene, which explains the origin of scattering induced by 
roughness.99 Suspended graphene shows intrinsic ripples already, while it is transferred onto 
substrates that are not smooth enough, some substrate-induced roughness can also exist. 
However, when graphene is placed onto or encapsulated by films that are super-smooth, such as 
h-BN films, such roughness can be greatly limited even to pm scale,25 thus the mobility of 2D 
devices can be significantly increased.  
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Figure 2.9: Influence of roughness of h-BN working as dielectrics. (a) Mobility of graphene 
decreased with increasing surface roughness of h-BN. Reproduced from Ref. [52]. (b) Hall 
mobility and carrier density of graphene on substrates with different roughness. (c) Carrier 
density of graphene on substrates with different roughness, which does not show dependence 
on temperature. (d) Transfer characteristics of graphene on different substrates. Reproduced 
from Ref. [100]. 
 
More evidence of how roughness will influence the mobility of 2D devices can be found in 
literature.52, 100, 101 Bresnehan et al. measured the Hall mobility of graphene devices fabricated on 
h-BN dielectric with different roughness, and a clear decrease of mobility can be noticed with 
increasing roughness as shown in Figure 2.9a.52 Note that the device with the lowest roughness 
still shows very low mobility, which also indicates that roughness is not the only factor that limits 
the performance of graphene devices.  
 
Vangala et al. showed another experimental proof of how roughness plays the role in limiting 
mobility in graphene.100 They also prepared h-BN films on sapphire with different roughness and 
fabricated graphene transistors on h-BN, sapphire and SiO2. Hall mobility from measurements at 
room temperature is shown in Figure 2.9b as a function of sheet carrier density. It is obvious that 
mobility is inversely affected by the carrier density. With h-BN as the dielectric layer the mobility 
is increased compared to those with SiO2 and sapphire as the dielectric layer, and the mobility will 
further increase with decreasing roughness of h-BN film. Further study of the temperature 
dependent Hall measurements also suggested that the carrier density will not change with 
temperature but will decrease with the roughness (Figure 2.9c). Besides, Figure 2.9d also shows 
that the Dirac point of the devices will shift to more negative value when smooth BN is used. 
 
 

 
Figure 2.10: MoS2 transistors on rough substrates. (a) Schematic show of a MoS2 field effect 
transistor fabricated on silicon nitride with large surface roughness. The bottom part is the AFM 
morphology of the substrates, indicating large surface roughness. (b) Mobility of MoS2 
transistors fabricated on various substrates with different roughness. Reproduced from Ref. 
[101]. 
 
However, it should be noted that roughness has also been reported  to improve the performance 
of 2D devices for specific materials.101 Liu et al. fabricated MoS2 transistors on various dielectrics 
with different roughness as shown in Figure 2.10a, and observed an increase of mobility of almost 
100 times compared to devices with flat SiO2 (Figure 2.10b). The authors propose that the strain 
induced by the rough substrates is the dominant factor that lead to the increase of performance. 



 17 

2.2.3 Impurity of h-BN 
As mentioned in former part, heteroatoms can modify the electrical properties of h-BN films, 
which may make h-BN films unsuitable for dielectrics.13, 53 For example, oxygen impurities in h-BN 
will decrease its band gap, which could decrease the breakdown and thereby operation voltage.53 
On the other hand, oxygen will work as a dopant and free electrons from oxygen will increase the 
conductivity of h-BN, and the leaking current of h-BN when used as dielectrics will be greatly 
increased. Moreover, doping with other atoms, such as carbon and silicon, can transform h-BN to 
an electrical conducting material.72, 102  

 

Heteroatoms in h-BN may also work as a source of scattering in 2D devices. Bresnehan et al. 
prepared h-BN films on sapphire and used them as dielectrics for graphene devices.52 However, 
the films contained oxygen related to the preparation method. Hall measurements showed that 
the mobility decreases with increasing oxygen content (Figure 2.11a). The authors suggested that 
oxygen impurities in the film increased the density of dangling bonds, and the increased scattering 
was the main reason for the lower mobility. 

 
 

Figure 2.11: Influence of impurities for a h-BN dielectric. (a) Mobility of graphene decreases with 
increasing oxygen content in h-BN. Reproduced from Ref. [52]. (b) CL image of h-BN film. The 
grey region indicates the existence of a carbon-rich domain. (c) Schematic show of graphene 
device on carbon-rich and carbon-free h-BN film. (d) Decreased mobility can be observed from 
graphene with carbon-rich h-BN film as a dielectric layer. (e-f) Landau fan diagram of graphene 
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on carbon-rich and carbon-free h-BN film. Distortion of the Landau fan is notable in (e) which is 
attributed to the presence of carbon impurities in the h-BN substrate. Reproduced from Ref. [13]. 

 
In a similar way, carbon in h-BN films deteriorates device performance. h-BN crystals grown by 
precipitation method from Taniguchi’s group generally have very high crystallinity, however, some 
of the domains have high content of carbon impurity (Figure 2.11b).13 h-BN films with carbon-rich 
and carbon-free domains were exfoliated and used as the dielectric layers for graphene device 
(Figure 2.11c). Results show that mobility of graphene in contact with carbon-rich domain is much 
lower than that of graphene with carbon-free h-BN domain as the dielectric layers (Figure 2.11d). 
Besides, distortion of the Landau fan diagram of graphene from the carbon-rich domain is also 
observed (Figure 2.11e and f). These results suggest that carbon impurity from the h-BN may 
induce extrinsic carrier scattering in the graphene film and lower the electrical performance. 
 

2.2.4 Crystallinity of h-BN 
Structure dislocations in h-BN crystals used as dielectric substrates, such as point defect and grain 
boundaries (GBs), are suggested to cause charge scattering and trapping sites, and thus lower the 
performance of 2D devices.103, 104 As suggested by Strand et al, boron vacancies in h-BN are likely 
to be negatively charged in contact with graphene, as based on theoretical calculations.104 Besides, 
boron and nitrogen vacancies may induce the formation of N-N and B-B molecular bridges in the 
neighboring layers, which will weaken the local bond structure. A more detailed study of the grain 
boundaries by scanning tunneling microscopy (STM) shows that some grain boundaries are 
composed of square-octagon (4|8) pairs or pentagon-heptagon (5|7) pairs (Figure 2.12a and b).105 
STS measurements show that the average band gap of (4|8) GB and (5|7) GB are 4.3 eV and 3.4 
eV, respectively, which is lower than that of the pure h-BN of ca. 5 eV (Figure 2.12c). The lower 
band gap may lead to reduced electrical performance of 2D materials in contact with it.105, 106 
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Figure 2.12: Crystallinity of h-BN. (a) STM image of (4|8) pairs in a grain boundary. (b) STM image 
of (5|7) pairs in a grain boundary. (c) STS measurements of (4|8) GB and (5|7) GB showing 
different band gap. Reproduced from Ref. [105]. (d) Noise in current observed in dielectric 
breakdown measurements, which is suggested to be caused by grain boundaries in h-BN film. 
Reproduced from Ref. [107]. (e) h-BN films with low crystallinity deposited on polymers. 

Reproduced from Ref. [108].  
 

Another proof of grain boundaries influencing dielectric performance of h-BN is provided by a 
dielectric breakdown study at the device level.107 Measurements of devices in the metal-insulator-
metal (MIM) structure show current fluctuations similar to random telegraph noise (Figure 2.12d). 
The authors suggest that such signals are related to grain boundaries in h-BN, and it can be 
observed due to charge trapping at defects. Such charge trapping effects may induce scattering of 
carriers in the graphene layer when h-BN is used as dielectric as mentioned before.104  
 
Compared to the high quality of h-BN crystals from the high pressure and high temperature (HPHT) 
process, amorphous h-BN prepared by pulsed layer deposition has very low crystallinity.108 Such 
amorphous h-BN film with different thickness can be easily prepared at temperature less than 
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200 °C on various substrates (Figure 2.12e). Electrical measurements show that the amorphous h-
BN has dielectric constant of ca. 5.9, and breakdown strength of ca. 9.8 MV/cm, which is 
comparable to that of high-crystalline h-BN. It is true that h-BN of high crystallinity is excellent for 
many applications needing dielectric layers, however, a compromise of the quality may greatly 
facilitate its practical applications. Besides, a more detailed experiment study of the crystallinity is 
still needed to clarify how much it will influence the device performance.  
 
2.3 h-BN as dielectric layers for resistive switching 
As another interesting application of h-BN, it can be used to fabricate metal-insulator-metal (MIM) 
heterostructures with resistive switching behavior under different voltages.109, 110 Such devices 
with high on-off ratio shows the potential to be used for information processing as resistive 
random access memory (RRAM) devices. 

 
Figure 2.13: (a) A schematic show of the resistive switching device with h-BN sandwiched in two 
metal electrodes. (b) Bipolar effect observed in h-BN based devices with a high resistance state 
and low resistance state controlled by the bias voltage. (c) and (d) Ti clusters observed in h-BN 
films which may lead to the LRS of h-BN. Reproduced from Ref. [109]. 
 
Figure 2.13a shows the schematic structure of the device with h-BN film sandwiched between two 
metal electrodes.109 At first, the device might show low current with h-BN at a high resistance state 
(HRS), then by further increasing the voltage, the current from the device increases strongly h-BN 
enters the low resistance state (LRS) as shown in Figure 2.13b (Right part). Such devices can work 
at both the positive and negative voltage range in bipolar mode, while on-off ratios up to 106 can 
be obtained with performance comparable to devices based on traditional metal oxides. Both 
monolayer and multilayer h-BN films are proven to work well for the purpose.110 The underlying 
working mechanism is not yet well-understood, but with titanium (Ti) as the electrode the HRS 
and LRS may switch along with Ti ions diffusion as shown in Figure 2.13c and d. At LRS Ti ions are 
detected in the h-BN film forming conductive filaments (CFs) as confirmed by TEM study, while at 
HRS, Ti ions were not observed in h-BN, which are suggested to diffuse out of the film.109 
 
2.4 Synthesis of h-BN films 
In this part progress of the synthesis of h-BN multilayers, including the state-of-art work, will be 
reviewed. h-BN monolayers may not be suitable to be used as the dielectric substrates due to the 
thickness, however, thin h-BN films can work as tunneling barriers.95, as protection against 
subsequent atomic layer deposition of an oxide, or as a protective layer to slow down or prevent 
oxidation of sensitive 2D layers or surfaces. Given that significant breakthroughs in the synthesis 
of large area monolayer single crystals have been reported in the last two years, the preparation 
of monolayer h-BN films will also be mentioned. 
 
2.4.1 Synthesis of h-BN monolayers 
Copper is one of the most widely used substrates for graphene growth,111, 112 and due to the self-
limiting growth mechanism, uniform monolayers may be obtained on poly-crystalline copper.113, 

114 However, h-BN does not show similar growth mechanism on poly-crystalline copper foil, 
resulting often in  h-BN patches with different thickness.115, 116 For the monolayer h-BN growth, 
the most promising substrate could be platinum (Figure 2.14a).117, 118 Wang et al. realized pure 
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monolayer growth on Pt foil, with the grain size exceeding 500 µm after optimizing the growth 
recipe (Figure 2.14b).118 More interestingly, after annealing with borazine, the grains of poly-
crystalline Pt foil increased significantly in size with single crystalline Pt(111) close to centimeter 
scale (Figure 2.14a), though the mechanism of grain growth is not quite clear. The h-BN films show 
high crystallinity as suggested by the FWHM of E2g Peak of ca. 13 cm-1. 

 
Figure 2.14: Monolayer h-BN synthesized on various substrates. (a) Homogeneity of platinum 
foil after annealing in borazine indicating single crystallinity. (b) Large h-BN domains grown on 
Pt(111). Reproduced from Ref. [118]. (c) h-BN disks floating on liquid gold with specific size of ca. 
14.5 µm. (d) Schematic illustration of the seamless stitching process assisted by self-collimation. 
(e) Single crystalline h-BN monolayers transferred on wafer scale. Reproduced from Ref. [120]. 
(f) SEM image of aligned h-BN domains on Cu(110). (g) SEM image of h-BN film on Cu(110) after 
H2 etching, indicating the absence of  grain boundaries. (h) SEM image of h-BN film on Cu(111) 
after H2 etching, indicating grain boundaries exist. Reproduced from Ref. [121]. (i) Optical image 
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of aligned h-BN domains on Cu(111). Scale bar is shown in each image. Reproduced from Ref. 
[49]. 

 

It should be noted that h-BN grains cannot seamlessly merge into large single crystals on Pt(111) 
in a similar way as graphene usually does on Cu(111),119 so the h-BN monolayers will still have  
grain boundaries. One recent breakthrough in the synthesis of h-BN single crystals was reported 
by Lee et al.120 Here liquid gold was used as the substrate, and when borazine was introduced for 
growth, h-BN domains in round shape were observed (Figure 2.14c). Surprisingly, the final size of 
the h-BN domains did not change significantly with growth time, and stabilized at ca. 14.5 µm. 
Longer time growth only leads to the formation of more h-BN domains, and eventually a 
continuous film can be obtained. The authors suggested that as the cohesive energy of a B-N bond 
is higher than a B-B bond or N-N bond, seamless stitching by the self-collimated h-BN domains can 
happen, during which neighbouring h-BN domains will rotate to adjust their alignments due to 
attractive Coulomb interaction between boron and nitrogen atoms (Figure 2.14d). The authors 
argued that the continuous film is actually single crystalline, which was further confirmed by 
selected area electron diffraction (SAED), low energy electron diffraction (LEED) and liquid-crystal 
assisted polarized optical microscopy (LC-POM). The as-synthesized single crystalline monolayer 
h-BN films (Figure 2.14e) can serve as suitable substrates for the epitaxial growth of graphene and 
WS2 domains as well as protecting layers against oxidation. 
 

As mentioned before, poly-crystalline copper may not be suitable for monolayer h-BN growth, 
however, recent experiments show that h-BN growth on some specific copper domains can be 
quite different as wafer scale single crystalline h-BN monolayers can be achieved by seamless 
merging.49, 121 One such domain is Cu(110) as reported by Wang et al., which were prepared by 
annealing commercial copper foil with a Cu(110) seed attached, resulting in  single crystalline 
copper domains up to  100 cm2 in size.121 h-BN domains on Cu(110) showed one specific direction 
(Figure 2.14f), which is quite different to h-BN growth on Cu(111) as normally h-BN grains will have 
two orientations. This unidirectional alignment makes the seamless stitching of h-BN domains 
possible as later confirmed by etching experiments where h-BN on Cu(110) did not show signs on 
etching (Figure 2.14g) while etched lines could easily be detected in h-BN on Cu(111) (Figure 2.14h). 
The authors ascribed the unidirectional growth to the coupling between Cu<211> step edges and 
the zigzag edges of h-BN.121 In other words, the h-BN crystals may nucleate from/near these 1-
dimensional step edges and grow by epitaxy in one direction only.  
 
The other specific copper domain is Cu(111) with steps.49 Normally seamless merging of h-BN 
grains on Cu(111) is not possible as two orientations of the crystals exist.122 Here in the work by 
Chen et al., h-BN grains show only one orientation on the Cu(111) thin films (Figure 2.14i), and 
wafer-sized single crystalline h-BN films were synthesized. The authors explain in the paper that 
such mono-orientation is due to presence of step edges as the binding energy can be lowered to 
the minimum if grains grow in one specific orientation close to the step edges according to DFT 
calculations.49 However, it is still not clear whether the step edges originate from the sapphire 
template. 
 
On the other hand, if the h-BN growth on Cu(110) and Cu(111) proceeds for a much longer time, 
will multilayers start to nucleate and grow on these substrates? More studies are needed to clarify 
whether the growth on these substrates is self-limiting. 
 
2.4.2 Synthesis of h-BN multilayers by CVD method 
Metals as the substrates 
Metals, such as copper,113, 114 nickel and iron,123-125 are normally used for the h-BN synthesis due 
to the catalytic efficiency of these substrates, which can facilitate the decomposition of precursors 
and improve the crystallinity of synthesized h-BN . However, the catalytic effect will normally 
decrease substantially when the substrates are covered by a continuous h-BN film,126 so problems 
including low crystallinity and slow growth rate, will emerge for subsequent layer growth.42, 47 
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Moreover, controlling the thickness and roughness could also be challenging in a typical CVD 
process. Despite all this, some outstanding process can be noticed in literature for the multilayer 
synthesis.42, 46, 47, 127, 128  
 
As mentioned in section 2.4.1, h-BN growth on copper is not self-limited, e.g. adlayers are usually 
observed, which indicates that copper could be used for multilayer h-BN growth. Lin et al. reported 
that by precisely controlling the precursor flow rate, deposition temperature, pressure and time, 
the thickness of h-BN film can be controlled on a single layer scale. The authors successfully 
synthesized wafer-scale h-BN films with the thickness of 1 to 20 monolayers.47 However, the 
crystallinity decreased with the thickness as indicated by the FWHM of E2g peaks (Figure 2.15a), 
with the FWHM of h-BN film of 15-layer thickness being larger than 50 cm-1. On the other hand, 
these h-BN films also showed larger roughness with increasing thickness, which may not be 
suitable to be used as substrates for 2D materials.  
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Figure 2.15: Growth of h-BN multilayers on Cu and Ni. (a) Raman spectra of h-BN films 
synthesized on Cu with different thickness. The E2g peaks broaden significantly as the thickness 
increases. Reproduced from Ref. [47]. (b) h-BN growth under different borazine partial pressure. 
The thickness of h-BN is limited to ca. 10 nm under low borazine partial pressure (less than 17 
mTorr), while films thicker than 10 nm can be realized by growth with higher borazine pressure. 
(c) Breakdown voltage increases with the thickness, while the breakdown field decreases with 
the thickness. Reproduced from Ref. [42]. (d) Thickness of h-BN film on nickel under different 
source sublimation temperature. (e) SAED patterns of h-BN from growth under different source 
sublimation temperature, and decreased crystallinity can be observed from high sublimation 
temperature. Reproduced from Ref. [46]. (f) Schematic of the h-BN growth by segregation. h-BN 
films can be synthesized on both sides of the Ni film. (g) TEM view of the h-BN films on both 
sides of Ni film. Reproduced from Ref. [127]. (h) Thickness of h-BN films under different cooling 
rates. (i) TEM image of morié patterns from bilayer h-BN under high cooling rate. Inset is the 
diffraction pattern showing the twist angle. Reproduced from Ref. [128]. 

 

Moreover, Jang et al. suggested that thick h-BN films can be synthesized by increasing the partial 
pressure of precursor over a critical value.42 They experimentally showed that due to the 
decreased catalytic effect of copper foil with h-BN on it, the thickness of h-BN film on copper was 
finally limited to a thickness of ca. 10 nm, which will not significantly change with growth time. To 
overcome the catalytic deficiency, partial pressure of the precursor was increased over a critical 
value of 17 mTorr to stimulate further growth (Figure 2.15b). In this high pressure CVD growth 
mode, the thickness of the h-BN layer increased almost linearly with growth time, and they 
successfully synthesized h-BN films up to 100 nm. However, thick h-BN films showed decreased 
breakdown electrical field, which clearly indicates the poor quality of thick films (Figure 2.15c).42 
 
h-BN growth on nickel is also widely explored.46, 127,128 Oh et al. studied the epitaxial growth of h-
BN multilayers on nickel with ammonia borane as the source.46 It turned out that the thickness 
and crystallinity was highly dependent on the source sublimation temperature (Figure 2.15d). At 
low sublimation temperature of 95 °C, clear dot patterns in the SAED image were observed (Figure 
2.15e), however, when the sublimation temperature was increased to 100 °C, the diffraction 
patterns changed to rings, indicating the existence of a disordered structure. The epitaxial relation 
between h-BN films and the Ni(111) substrates were further confirmed by synchrotron radiation 
X-ray diffraction techniques and SAED mappings from different spots.46 
 
Boron is suggested to have a solubility of ca. 0.3 at% at 1085 °C in nickel.129 Although the 
dissolution of nitrogen is negligible, diffusion and segregation of h-BN from nickel film was 
reported.127, 130 Sonde et al. deposited nickel film onto SiO2 and used it as the substrate for h-BN 
growth with diborane and ammonia as the precursors (Figure 2.15f) by segregation.127 After 
growth, h-BN films were obtained not only on the top nickel surface, but also at the SiO2/nickel 
interface (Figure 2.15g). After etching the nickel away, h-BN films with a 13 layer thickness and a 
clean surface were left on dielectric substrates, however, with moderate crystalline quality. 
Results from time-of-flight secondary ion mass spectroscopy (ToF-SIMS) showed that the amount 
of boron and nitrogen segregated at the interface was not dependent on cooling rates as indicated 
by the overlapped depth profiles from samples made with different cooling rates. The authors 
suggested that the growth happens through a diffusion and surface segregation process facilitated 
by a combined effect of high diffusivity, thin film thickness and not too high cooling rates in the 
system based on the results.  
 
Although the boron solubility in nickel is extremely low, precipitation of h-BN from nickel is still 
possible.128 Song et al. studied such precipitation process in detail with high resolution 
transmission electron microscopy (HRTEM), which is a powerful tool to determine the real 
thickness of h-BN film from different cooling rates. Results showed that h-BN can be precipitated 
from nickel but with very limited thickness. As shown in Figure 2.15h, an increase of the cooling 
rate from 10 °C/min to 60 °C/min can only lead to the formation of one more layer in average, 
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which could be limited by the amount of boron and nitrogen atoms dissolved in the bulk. On the 
other hand, once the cooling rate was increased, morié patterns were observed in the TEM image 
(Figure 2.15i). The authors suggest that high cooling rate could bring high driving force for boron 
and nitrogen atoms to diffuse, and high motion of these atoms may lead to such disorders in the 
lattice. In other words, slow cooling rates are more favorable for the high crystalline h-BN growth. 
 

 
Figure 2.16: Growth of h-BN multilayers from iron based substrates. (a) Schematic of h-BN 
growth on Fe. (b) TEM image of h-BN precipitated on Fe. (c) Raman spectra of h-BN from 
different locations. (d) CL spectrum of h-BN showing strong emission. Reproduced from Ref. [78]. 
(e) Schematic of the h-BN growth by annealing Fe-B alloy in nitrogen. (f) Raman spectrum of the 
h-BN multilayer with a narrow E2g peak. (g) TEM image showing the epitaxial relation between 
h-BN film and the sapphire. (h) TEM view of the h-BN film, which is as thick as 40 nm. Reproduced 
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from Ref. [56]. 
 
Compared to nickel, boron and nitrogen have higher solubility in iron, which makes h-BN growth 
by precipitation from iron easier to achieve.78 Kim et al. successfully synthesized large-area h-BN 
multilayers from iron (Figure 2.16a), the thickness of which can be controlled by the cooling rates. 
In the slow-cooling mode (5 °C /min), h-BN exhibited thickness of 17.8 ± 6.1 nm, while the thickness 
was 11.9 ± 3.3 nm with a fast cooling rate (30 °C /min). The as-synthesized h-BN films showed high 
quality as confirmed by TEM, Raman and CL spectroscopy (Figure 2.16b-d). Graphene devices 
based on such h-BN films showed high carrier mobility comparable to those on exfoliated h-BN. 
 
Recently it was shown that iron-containing alloys can be used as suitable catalysts for h-BN 
growth.56 Fe82B18 alloy was prepared by annealing Fe2B and Fe with a specific ratio, and then the 
alloy was placed onto sapphire and heated above its melting point at 1250 °C with N2 introduced 
as the nitrogen source for h-BN growth and boron from the alloy as the other source (Figure 2.16e). 
h-BN films with the thickness of 5-50 nm can be synthesized at the alloy/sapphire interface by 
adjusting growth time and temperature. The h-BN films showed epitaxial relationship with 
sapphire substrates as confirmed by TEM (Figure 2.16g and h) and EBSD (Electron backscatter 
diffraction) characterizations. The high quality of the h-BN film was further verified by a narrow 
FWHM of E2g peak of 10.4 cm-1 (Figure 2.16f), low surface roughness of 0.2 nm (RMS), high Young’s 
modulus of ca. 1.04 TPa, and x-ray diffraction (XRD). Graphene devices with such h-BN films as 
encapsulation layers also showed prominent enhancement mobility that is almost two times 
higher than that from devices on bare SiO2. The authors indicate that h-BN films here grow by a 
unique segregation process, and this growth method has the potential for large area production. 
 
Dielectrics as the substrates 
Direct growth of h-BN on dielectrics could be interesting because no further transfer is needed. As 
there is no strong catalytic effect, h-BN growth on dielectrics usually requires special conditions,44, 

131-133 such as under high temperature or plasma environment,44, 131 in order to facilitate the 
decomposition of precursors and achieve a useful level of  crystallinity. Besides, some work also 
showed that some dielectric substrates have a unique catalytic behavior that facilitates h-BN 
growth as reviewed below.134, 135 
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Figure 2.17: h-BN growth on dielectrics. (a) h-BN sapphire grown by epitaxy. (b) AFM image of 
h-BN sapphire without wrinkles. Inset shows h-BN film on Pt with wrinkles. (c) LEED patterns 
showing the epitaxial relation between h-BN film and sapphire. Reproduced from Ref. [44]. (d) 
Schematic show of h-BN growth by the near-equilibrium PECVD method, where etching and 
growth to the edge is shown. (e) AFM image of h-BN film synthesized by near-equilibrium PECVD 
method showing high homogeneity. Reproduced from Ref. [131]. (f) Surface roughness of SiO2 
before and after h-BN growth. (g) Roughness histogram of the height distribution of h-BN and 
SiO2 showing reduced roughness after h-BN growth. (h) Raman spectra taken from Si after h-BN 
growth showing no h-BN signal, while h-BN can be detected on SiO2. Reproduced from Ref. [134]. 
 
C-plane sapphire is a single-crystalline substrate which can have an extremely low roughness (RMS 
of ca. 0.2 nm for commercial polished wafers), and can sustain high temperature treatment, which 
could be an ideal substrate for h-BN growth. Jang et al. showed that high temperature is crucial 
for improving the crystallinity of h-BN films, and they successfully synthesized wafer-scale wrinkle-
free h-BN films on sapphire with low roughness (Figure 2.17a and b).44 Low energy electron 
diffraction (LEED) measurements shows that the h-BN films adopt well-ordered crystal orientation 
from sapphire by epitaxy (Figure 2.17c). Graphene devices based on such h-BN films with a 
thickness of 3 layers also show increased mobility, which could be a better substrate if the 
thickness could be further increased.  
 
To increase the crystallinity of h-BN films, Liu et al. proposed a near-equilibrium plasma enhanced 
CVD method for the growth.131 During the growth process, etching to the h-BN edges and the 
growth co-exist and are in a near balanced state. The etching process induced by H2/Ar plasma is 
expected to effectively remove structural defects from the edges and keep the edges clean and 
active for later growth, while the slow feeding of precursor ensures that growth proceeds in a slow 
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way, which conveniently leaves the time-window for the etching process to work (Figure 2.17d). 
Due to the plasma, the temperature needed for growth can be decreased to the range of 300 °C 
to 500 °C. The thickness from monolayer to more than four layers can be well controlled by 
adjusting the time (Figure 2.17e). Such h-BN films on SiO2 can work directly as the substrates for 
WSe2 growth, and WSe2 film grown on the h-BN shows increased mobility up to 4 times compared 
to WSe2 film grown on bare SiO2. 
 
Though lack of catalytic capability, oxygen atoms from the dielectric substrates may assist the h-
BN growth as suggested by Behura et al.134 Based on the fact that h-BN can be grown on oxygen 
containing substrates such as SiO2 and quartz while not on Si after attempted growth (Figure 
2.17h), they argue that oxygen atoms on the surface can promote the growth. This is further 
confirmed by the boron-oxygen bonds in the XPS spectra. The thickness can be modified by the 
growth time, and films as thick as 20 nm can be synthesized in 5 min. The substrates showed 
decreased roughness after growth (Figure 2.17f and g), and while the films could be doped with 
oxygen, enhanced mobility was still observed in MoS2 and WS2 devices with such h-BN films as 
substrates. In another experiment, researchers found that the electronegativity of substrates may 
facilitate h-BN growth as thicker films can be detected on substrates such as SiO2 and Si3N4 
compared to films from Si. This is supported by molecular dynamics simulations.135  
 
2.4.3 Synthesis of h-BN multilayers from metal flux  
Currently most of the graphene devices with high performance reported in literature are based on 
the precipitated h-BN crystals from the HPHT process reported by Taniguchi and Watanabe.33 In 
their method, metals with high solubility of nitrogen and boron are normally heated to molten 
state, and h-BN powders are used as the source and will slowly dissolve into the metal flux. Later, 
during the cooling process, h-BN crystals with high crystallinity will precipitate from the metal 
solvent.9, 33 Initially, a high pressure (4.5 GPa) is used in the Barium-B-N system at a temperature 
of 1500 °C, and under such conditions, both h-BN and c-BN were found to precipitate from the 
solvent (Figure 2.18a).33 SIMS measurements showed that these crystals have very high purity with 
oxygen and carbon concentrations less than 1018 atoms/cm3. However, too high pressure may not 
be favorable for h-BN growth, as c-BN normally exists under high pressure conditions according to 
the Pressure-Temperature phase diagram (Figure 2.18a). 
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Figure 2.18: h-BN growth by using metal flux. (a) Pressure-temperature phase diagram of c-BN 
and h-BN. Inset shows the coexistence of two BN polymorphs. Reproduced from Ref. [33]. (b) 
Optical image of h-BN prepared by Ni-Mo alloy at atmospheric pressure. Inset shows the h-BN 
precipitated on the metal surface inside a container. (c) Raman spectrum of h-BN with a narrow 
E2g peak. (d) h-BN prepared on a-plane sapphire. Reproduced from Ref. [34]. (e) Yield of h-BN 
domains at different carbon weight percentage in metal flux. Inset shows the side view of 
precipitated h-BN. (f) Largest domain area at different carbon weight percentage. (g) EELS 
spectra of h-BN prepared at different carbon ratios, and no carbon signal is detected in h-BN. 

Reproduced from Ref. [138]. (h-j) h-BN prepared with different cooling rates. (h) 10 °C /h. (i) 4 °C 
/h. (j) 2 °C /h.  Reproduced from Ref. [36]. (k-l) Monoisotopic h-BN precipitated on metal flux. 
Inset in each image shows the exfoliated h-BN. (k) h-10BN. (l) h-11BN. Reproduced from Ref. [139]. 

 

A recent study showed that high pressure is not an essential condition for the high crystalline h-
BN growth, as high-quality h-BN crystals can also be synthesized under atmospheric pressure.9, 34 
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In another study by Taniguchi et al., nickel-molybdenum was used as the solvent.34 The addition 
of molybdenum to nickel can not only increase the nitrogen solubility, but also play the role of 
gettering carbon contaminants in the solvent. The as-synthesized h-BN crystals (Figure 2.18b) 
show strong CL (Cathodoluminescence) peaks at 215 nm at room temperature and narrow FWHM 
of E2g peaks of 9.1 cm-1 (Figure 2.18c), indicating a high quality. Besides, direct growth of h-BN 
crystals onto a substrate from the solution was also explored, and an a-plane sapphire was used 
as the substrate. Though h-BN crystals with smooth surfaces were observed on the substrates 
(Figure 2.18d), the question of whether the growth is by epitaxy was not examined. One may 
expect epitaxial growth when c-plane sapphire is used.  
 
Currently, various metal solvents, such as Ni, Ni-Cr and Fe-Cr, are widely used to study the h-BN 
growth by precipitation.9, 136, 137 A study based on Ni-Cr flux showed that compared to growth 
temperature and soak time, cooling rate could be one of the most dominant factors that influences 
the crystallinity of h-BN crystals.36 h-BN crystals changed from grey-white color with fine grains to 
sheets of clear crystals after decreasing the cooling rate from 10 °C/h to 2 °C/h (Figure 2.18h-j). 
The crystal width may increase with growth temperature, but the thickness decreased sharply. A 
long soak time between 24 and 48 hours leads to the maximum thickness and width of h-BN 
crystals.36  
 
Carbon and oxygen are normally regarded as contaminants in h-BN films and will deteriorate its 
properties in terms of its role as a dielectric for graphene and other 2D materials. A recent study 
shows that by adding small amount of carbon powders (1.8-6.8 wt%) into the metal flux system 
(Ni-Cr), the yield and domain size of h-BN crystals are largely increased.138 Domains with size larger 
than 200 µm were observed in samples with 1.8-6.8 wt% carbon powders added, while the grain 
sizes from samples without carbon were less than 10 µm. The influence of carbon content in metal 
flux on the yield and domain sizes is shown in Figure 2.18e and f. Surprisingly, EDS (Energy-
dispersive X-ray spectroscopy) and EELS (Electron energy loss spectroscopy) studies show that 
there is no increased carbon contamination detected in these crystals (Figure 2.18g), and both XRD 
(X-ray Diffraction) and Raman spectra prove that these grains are of high crystallinity. The authors 
proposed that carbon species dissolved in the flux can create a local reducing environment and 
eliminate oxygen residues in the system. As iron has high solubility of carbon, carbon atoms will 
not precipitate in this low-content case, so adding carbon impurities can actually facilitate h-BN 
growth.  
 
Monoisotopic h-BN is expected to possess superior thermal and electrical properties due to 
decreased phonon-phonon scattering compared to nature h-BN with 10B and 11B. Recently such h-
BN crystals, h-10BN and h-11BN, have also be synthesized by the precipitation method from Ni-Cr 
metal flux with elemental boron (10B and 11B) and nitrogen gas as the source (Figure 2.18k and 
l).139 Monoisotopic h-BN crystals show different peak positions in Raman and XPS spectra. Such h-
BN films were also used as substrates for graphene devices, and quasi-ballistic transport 
characteristics were observed with mobility high than 500, 000 cm2/(Vs).140 In this study,  
monoisotopic h-BN shows comparable characteristics to that achieved with HPHT process. 
However, further studies are expected to find out whether the properties of such crystals are 
better than those of h-BN crystals from HPHT growth to justify the high cost of boron mono-
isotopes, which may otherwise hinder its wide applications in electronic devices.  
 
Other synthesis methods including Molecular Beam Epitaxy (MBE),141 Atomic Layer Deposition 
(ALD)142 and Liquid-phase Exfoliation143 can also be found in literature, which will not be reviewed 
in detail here. A comparison of different synthesis methods is shown in Figure 2.19. 
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Figure 2.19. A qualitative comparison of different synthesis methods based on thickness, 
roughness, cost of production, scalability and crystallinity. 
 
2.5 Summary 
 
In summary, h-BN shows outstanding electrical, optical, thermal and mechanical properties. As a 
nearly ideal substrate and encapsulating material, it helps to improve the performance of various 
2D materials. However, this potentially high performance is influenced by film thickness, 
roughness, impurity and crystallinity. Various methods have been developed for the synthesis of 
monolayer and multilayer h-BN films. On one hand, great breakthroughs have been reported for 
monolayer synthesis. Discrete single crystals on the sub-millimeter size can be realized, and single 
crystalline films on large scale by seamless stitching is also demonstrated. On the other hand, much 
effort is still needed for the synthesis of multilayers on large scale with high quality. Results from 
iron based alloys show promise towards this goal, while h-BN films from other metals such as 
copper and nickel, still generally show low crystallinity. Dielectrics are interesting to be used as 
substrates for h-BN growth, but the crystallinity is poor due to the low catalytic efficiency for most 
cases. Besides, high temperature and plasma techniques are also proven to improve the film 
quality. Compared to the common CVD methods, films from the precipitation method show quite 
high crystallinity, though the large-scale production is still very challenging to realize. New 
methods are still highly desired for the synthesis of h-BN multilayers with high quality.  
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Chapter 3 Methods 

Here in this chapter, main methods used in the project to study the growth of h-BN films will be 
simply reviewed, which includes the synthesis method and some characterization techniques. 

3.1 Synthesis and transfer 

3.1.1 Chemical Vapor Deposition (CVD) 

CVD is widely used for the synthesis of 2D materials, which has the potential for large-scale 
production with high quality. Till now various materials, such as graphene, h-BN, TMDs, 
borophenes,144 and silicene,145 have been reported to be synthesized by CVD. 

In a CVD process, volatile precursors are introduced to react or decompose on the selected 
substrates to produce desired films. Figure 3.1 shows a typical CVD set up for graphene synthesis, 
which mainly includes precursors, mass flow controllers, reaction chamber, substrates and 
pressure control system.146 Precursors used in a CVD process can be gases, liquids and solids. Inner 
gases, such as argon and nitrogen, are normally used as the carrier gas to carry precursors to the 
reaction chamber. Besides, carrier gas can also play the role of diluting precursors. Various 
substrates can be used for growth, including metals and dielectrics, which can consequently 
influence the growth process due to different catalytic efficiency as mentioned in Chapter 2. 
Temperature of the reaction chamber can influence the deposition rate and crystallinity of 
deposited film. The pressure control system enables growth under different pressures. 

  

 Figure 3.1. Schematic illustration of a typical CVD system used for graphene synthesis. Modules 
including precursors, mass flow controllers, reaction chamber and pressure control system are 
shown. 

 

Figure 3.2: A schematic of the CVD system used for h-BN growth. Here only two gas lines are 
available, and borazine is used as the source for growth. 
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Here in this project, CVD is used for the synthesis of h-BN films on substrates including sapphire 
and metallic glass. Figure 3.2 shows a schematic of the CVD system that is used for the project with 
two gas lines and related mass flow controllers connected to the system. Here the forming gas 
works as the main carrier gas, which also helps to provide a reductive atmosphere needed for h-
BN growth, and the other gas line with argon is used to carry borazine through a bubbler (stored 
in a freezer at ca. -19 °C) to the reaction chamber of a tube furnace. A scroll dry pump is also 
equipped to the system to remove possible oxidation species left in the system. Note that two 
kinds of forming gas, Alphagaz 2 with 5% H2 in argon and ARCAL 10 with 2.4% H2 in argon, were 
used for the synthesis. Here changing the argon to hydrogen ratio is difficult to perform as no extra 
argon gas can be used to dilute the hydrogen. Argon to hydrogen ratio may play an important role 
during h-BN growth,147 which is not explored in detail as limited by the system. Note that h-BN 
growth on metallic glass was performed on an Aixtron BM3 CVD system, which has the similar 
functions as the system illustrated above. Such a BM3 system is equipped with an ammonia gas 
line and a small turbo pump, which makes the annealing of metallic glass in NH3 under very low 
pressure possible. 

 3.1.2 Transfer 

To transfer synthesized h-BN films to desired substrates, a PVA transfer method and the bubbling 
transfer method were used.148, 149 

Transfer by PVA 

Weak interactions between substrates and synthesized films enable the easy transfer by peeling 
off the films directly from substrates, and PVA can be used as a support layer for the films. To 
transfer h-BN films from sapphire, a poly(vinyl alcohol) (PVA) film with a thickness of 30 μm is 
laminated on the synthesized film with a temperature of ca. 120 °C, then the h-BN is peeled off 
from the substrates directly along with PVA. Then the h-BN/PVA stack is laminated onto desired 
substrate again at a temperature of 120 °C. Finally, the PVA film is dissolved in water.148  

 Bubbling transfer 

Bubbling transfer method is mainly used to transfer films from conductive substrates as the 
conductive substrates can be used as the cathode in the transfer process.149 To transfer h-BN films 
from metals, a thin layer of poly(methyl methacrylate) (PMMA) (4 wt. % in anisole, 955K) is spin-
coated onto h-BN films, then the samples/PMMA stack is baked on a hot plate at 80 °C for 10 min. 
NaOH solution (1 M) was used as the electrolyte with a gold electrode as the anode and the 
conductive substrates (metallic glass was used as the substrates in the thesis) as the cathode, and 
the operating voltage was set to 3.0 V. After bubbling transfer, the stack was floating on the 
electrolyte. After rinsing for 3 times by DI water, the stack was picked up with a desired substrate 
such as SiO2. The PMMA/h-BN/SiO2 stack was then baked again at 80 °C for 10 min to remove 
water left and to improve the adhesion, then the PMMA layer was dissolved by hot acetone at 
50 °C, and rinsed in Isopropyl Alcohol (IPA). 

3.2 Characterization methods 

 3.2.1 Optical Microscopy (OM) 

Optical microscope is a simple lens system normally equipped with illumination and observation 
optical system which allows the observation of specimens at a magnified scale. The total 
magnification is determined by the object lens and the eyepiece, while the resolution is 
determined by the wavelength of the light source and the lens characteristics called numerical 
aperture.150 
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Figure 3.3: (a) The microscope (Nikon Eclipse L200N) used in the project. (b) Optical images of h-
BN showing different optical contrast based on the thickness. And the thickness of h-BN is 
further confirmed by Atomic Force Microscope images (Inset). 

Optical microscopy provides an easy and fast way to locate ultrathin 2D films based on the optical 
contrast, however, such contrast is also influenced by the characteristics of target films, substrates 
and light source.35, 151 For example, graphene shows better contrast on SiO2 with oxide thickness 
of 300 nm compared to those of other thickness, and monolayer h-BN shows poorer optical 
contrast (OC of ca. 2.5%) compared to monolayer graphene (OC of ca. 10%) under the optimal 
conditions.35 Though the optical contrast of each h-BN layer could be very low, such method can 
still be used to located h-BN films with different thickness (Figure 3.3b).151 In this project, OM is 
used to show the surface topography and the thickness difference under similar optical settings. 

3.2.2 Atomic Force Microscopy (AFM) 

AFM is a surface sensing technique which works by scanning on a sample surface with a tip 
connected to a cantilever while monitoring the deflection of the cantilever using a laser beam. The 
laser beam is reflected by the cantilever to a position-sensitive photodiode to generate an image 
of the surface. (Figure 3.4a).152, 153 Deflection to the cantilever is caused by the van der Waals force 
developed between the tip and the sample. When a tip approaches the sample surface, the 
attractive van der Waals force will defect the cantilever to the sample surface. While the tip 
approaches the sample further, repulsive force can be developed between the tip and the sample. 
Based on the tip-surface contact, AFM can work in the contact mode, non-contact mode and 
tapping mode. Contact mode works with a tip-sample distance less than 0.5 nm, and the cantilever 
is deflected by repulsive force to generate an image.153 In on-contact mode, tip scans with a 
distance close to the sample surface when attractive force can be developed, which is suitable to 
study materials in various environments. Tapping mode works with the tip forming intermittent 
contact with the sample, which is suitable to be used for studying soft material and thin films.153 
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Figure 3.4: (a) A schematic show of the working principle of AFM. (b) Topography, thickness and 
roughness of h-BN obtained with AFM. 

 In this project, AFM (Bruker Dimension Icon-PT) is mainly used to determine the surface roughness 
and film thickness in tapping mode (Figure 3.4b).154 For the surface roughness study, samples were 
annealed in forming gas to remove possible polymer residues such as PVA and PMMA after 
transfer, as such contaminants may induce higher roughness. Some researchers suggest that AFM 
may have some uncertainty over ± 1 layer on determining the thickness,35 however for thick films, 
such uncertainty can be negligible. 

3.2.3 Raman Spectroscopy 

Raman is an inelastic photon scattering process where photons from a laser source will be 
scattered by the target materials with wavelength that is different to that of incident light (Figure 
3.5a).155 Raman shift is determined by the wavelength change of the incident light and the 
scattered light (Figure 3.5b). Such shift is related to specific molecular vibrations, which provides 
more structure information of a molecule, and can be used as fingerprints to distinguish different 
materials.156 

 

 Figure 3.5: (a) A schematic show of the working principle of Raman. (b) Raman shift is 
determined from the change of wavelength. (c) Typical Raman spectra from h-BN films with 
FWHM showing the crystallinity. 

As a non-destructive technique, Raman Spectroscopy is widely used to study 2D materials. For h-
BN, researchers mainly focus on the peak at ca. 1366 cm-1 for thick layers and the peak at ca. 1370 
cm-1 for monolayers which are originated from the in-plane vibration of h-BN (E2g mode).47, 50 Note 
that the peak position will also shift depending on the thickness, strain, crystallinity and heat effect 
(Figure 3.5c).35 Besides, full width at half maximum (FWHM) is also used a lot to compare the 
crystallinity of h-BN films.35, 157 In this project, Raman Spectroscopy (Thermo Scientific DXR, 455 
nm laser source) will be used to study the crystallinity of h-BN films along with suitable fittings to 
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the E2g peaks. 

3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface-sensitive technique which works by irradiating x-ray photons to the target 
materials and counting the ejected electrons with specific kinetic energies (EK) from top surface 
(Figure 3.6a), and in this way the binding energy (EB) of atoms can be determined (Figure 3.6b).158 
As the binding energy is related to factors including elements species, electron orbitals and 
chemical environment, so such technique provides an effective way to study the surface chemistry 
of a material (Figure 3.6c and d).159 Once combined with ion-etching, XPS can also be used to study 
the composition information of a material in a thickness-related way, which is normally called as 
depth profile. 

 

Figure 3.6: (a) A schematic of the working principle of XPS. (b) An energy diagram shows how 
the binding energy is calculated, here EB=hν−EK−φ, here φ is the working function of the 
spectrometer. (c) and (d) shows the typical B1s and N1s spectra from a h-BN sample, respectively. 

In this project, XPS (Thermofisher K-alpha XPS) is mainly used to determine the composition 
information of h-BN films after different growth and annealing processes. All the peaks will be 
calibrated using C1s peak at 284.45 eV. Peak fittings sometimes are needed to study the chemical 
environment of boron and nitrogen atoms, however, peak fittings could be varied based on fitting 
methods and peak numbers, so the peak fittings presented later are just one of the many possible 
results. Besides, XPS can also be used to study the contamination carbon and oxygen atoms within 
h-BN film,52 though a more accurate way can be used for this purpose could be secondary ion mass 
spectroscopy (SIMS).33 

 3.2.5 Transmission Electron Microscopy (TEM) and Selected Area Electron Diffractions (SAED) 

TEM works by shining highly focused electrons through a specimen and then detecting the 
transmitted electrons using a detector, as shown in Figure 3.7a.160 Electrons of high energy up to 
300 keV are normally used, which enables electrons to penetrate a specimen easily and helps to 
increase the resolution of imaging. Electron magnetic lens systems are used to focus electrons, 
and an imaging system is used to detect transmitted electrons under a specimen. Contrast in a 
TEM image is generated as the penetrability of electrons in a sample varies according to different 
regions. For example, dark areas can be observed in thick regions of an h-BN film as fewer electrons 
will penetrate through.161 Figure 3.7b and c show the typical TEM images of h-BN films under low 
and high-magnification, respectively.78 
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Figure 3.7: (a) A schematic of the working principle of TEM. (b) and (c) Typical TEM images of h-
BN film under low- and high-magnification. Inset of (b) shows the SAED patterns of h-BN 
multilayers with AA′stacking. Scale bars, (b) 5 µm; (c) 2 nm. 

 Electron diffraction is a powerful technique to study the structure of materials, which can be easily 
realized in a TEM. A fraction of electrons will be scattered when penetrating through a specimen, 
and the scattered electrons can be detected by the imaging system, showing electron diffraction 
patterns according to the crystal structure.162 Combined with the selected area aperture, 
diffraction can be obtained from desired regions. SAED provides an easy way to determine crystal 
orientations in 2D films to show more information of crystallinity. For example, SAED images from 
polycrystalline graphene show diffraction patterns with different orientations, while the same 
orientation can be obtained in single crystalline domains.163 However, diffractions with the same 
orientation do not mean the crystal is single crystalline, as some 2D films show twin grain 
boundaries.164 Inset of Figure 3.7c shows a typical SAED pattern from a multilayer h-BN with AA′ 
stacking.78 In this project, TEM (Titan E-Cell 80-300ST) with SAED was used to study the crystallinity 
of h-BN films. 

Other methods, such as Scanning Electron Microscopy (SEM), Cathodoluminescence (CL) and 
electrical characterization,35, 78 are also used for the study of h-BN films, which will not be 
addressed in detail here. 

In this project, h-BN films were transferred onto SiO2 (90 nm)/Si for OM, Raman and AFM 
characterizations. For device fabrication, h-BN films were transferred onto SiO2 (300 nm)/Si 
substrates. 
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Chapter 4 Direct growth on sapphire 
 
Work presented in this chapter is mainly based on hypothesis 2: that bottom surface of h-BN may 
adopt the low surface roughness of sapphire. 
 
4.1 Methods 
Synthesis 
For h-BN synthesis, a low temperature hot-wall tube furnace (OTF-1200X, MTI) was used, and h-
BN films were directly deposited on sapphire by using high borazine dose (0.1-0.6 sccm) in 200 
sccm forming gas (5% H2 in Ar) at 1050 °C at atmospheric pressure. The sapphire substrate was 
cleaned using water and IPA, and loaded into the tube furnace after drying. The CVD system was 
pumped to a pressure lower than 5 × 10-2 mbar, and then filled with forming gas to atmospheric 
pressure. After ramping the temperature to 1050 °C over one hour in 200 sccm forming gas, 
borazine diluted in Ar was introduced into the system for different times with different flow rates. 
After growth, the borazine flow was stopped and the system was cooled down to room 
temperature in 200 sccm forming gas in 30 min.  
 
High temperature annealing  
To anneal the h-BN/sapphire sample, a high temperature furnace (BTF-1700C, BEQ) was used, and 
the highest temperature allowed by the furnace for continuous running is 1600°C. After loading to 
the high temperature furnace, the system was pumped to ca. 6 × 10-2 mBar. In 200 sccm forming 
gas the furnace was then heated to specific temperature with a rate of 10 °C/min, and held at the 
temperature for 2 hours at atmospheric pressure. In order to inhibit the etching at high 
temperature, a piece of sapphire was placed onto the sample to cover the film. After annealing, 
the furnace was cooled down to room temperature slowly with a rate of 10 °C/min. 
 
Transfer 
For the normal transfer, the PVA transfer method was used (see Section 3.1.2). 
 
For the flipped transfer, after peeling h-BN films off from sapphire, a thin layer of PMMA (4% in 
Anisole, 955K) films was spin-coated onto h-BN at 1500 r/min, then the PVA/h-BN/PMMA stack 
was baked on hot plate for 3 min at 80 °C. Then another PDMS (Polydimethylsiloxane) layer was 
stacked onto PMMA film. The PDMS film will keep the stack floating on water and make handling 
the stack much easier. When the PVA film was dissolved in DI water, the h-BN/PMMA/PDMS stack 
was placed onto SiO2. After curing the stack at 130 °C for 2 min, the stack will adhere to SiO2, and 
the top PDMS layer can be directly peeled off. h-BN films with bottom surface exposed can be 
obtained after dissolving PMMA in hot acetone at ca. 60 °C. 
 
4.2 Results 
 
4.2.1 Synthesizing h-BN films with different thickness 
Figure 4.1a shows the optical image of h-BN on sapphire before transfer. To make the film more 
visible, a scratch was made, and the regions without h-BN show brighter contrast. h-BN film on 
sapphire also shows uniform contrast indicating a relatively small variation in thickness and 
absence of wrinkles. h-BN film was also transferred onto SiO2 by PVA transfer method, and  Figure 
4.1b shows the optical image of h-BN after transfer. Such film also reveals a highly uniform contrast, 
however, some wrinkles can be seen after transfer. 
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Figure 4.1: Optical images of h-BN on sapphire before transfer (a) and on SiO2 after transfer (b). 
Wrinkles (indicated by red arrow) can be observed in transferred films, while not in the film 
before transfer. Scale bars are 50 μm. 
 
In order to tune the thickness of the film, h-BN films were grown under different borazine flow 
rates, and subsequently transferred onto SiO2 by the PVA method. Figure 4.2 displays the optical 
images of the transferred films taken under the same optical settings. In Figure 4.2a, no h-BN films 
are detected after transfer, which is due to a borazine flow rate too low to be able to support the 
growth. When the flow rate is increased to 0.2 sccm, a continuous film appears (see Figure 4.2b). 
Some holes can also be found, which are most likely formed due to the transfer process. By 
increasing the flow rate to 0.3 sccm, a film with much brighter contrast can be synthesized (Figure 
4.2c). Holes due to transfer still can be observed, and some wrinkles can also be detected. By 
further increasing the borazine dose, a film with golden yellow color can be prepared as shown in 
Figure 4.2f. 
 
AFM characterization was then used to determine the thickness of these films. Before AFM 
scanning, all the samples were annealed in 1.2 Torr Ar at 400 °C for 30 min to remove possible PVA 
residues. AFM images and related height profiles can be found in Figure 4.3. Figure 4.3a shows the 
morphology of the film on SiO2, which was grown with 0.2 sccm borazine, with wrinkles in brighter 
contrast clearly noticeable. The AFM image indicates that the film synthesized with this recipe is 
actually composed of small particles on the surface of h-BN rather than continuous and layered 
2D films, and therefore has poor crystallinity. Figure 4.3b displays the height profile along the 
white line indicated in Figure 4.3a, based on which we know that the top surface of the film does 
not have a smooth surface, and that the thickness variation is around 6 nm, while the average 
thickness is 12.8 nm. Further increasing the flow rate of borazine can effectively lead to the growth 
of thicker films as shown in Figure 4.3d, f, h and j, and the films still show high roughness. As 
mentioned these films after transfer show lots of wrinkles, and some of the AFM images were 
scanned from random wrinkle-free regions as wrinkles with sudden thickness change may damage 
or contaminate the AFM tip. The increased thickness agrees well with the change of optical 
contrast in Figure 4.2, which further indicates that the contrast can be used as an effective way to 
differentiate films with different thickness. 
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Figure 4.2: Optical images of h-BN films grown at different borazine flow rate after transferring 
onto SiO2. Borazine flow rate, (a) 0.1 sccm;  (b) 0.2 sccm;  (c) 0.3 sccm;  (d) 0.4 sccm;  (e) 0.5 sccm;  
(f) 0.6 sccm. All the films were grown in 200 sccm forming gas (5% H2 in Ar) for 90 min at 1050 °C. 
The images were recorded under the same optical settings. No h-BN film is detected in (a), while 
films with higher contrast can be obtained with increasing borazine flow rate. Cracks (red arrow) 
and wrinkles (blue arrow) can be noticed in the films after transfer. Scale bars are 50 μm. 
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Figure 4.3: AFM images of h-BN films transferred onto SiO2 with corresponding height profiles.  
The films were grown in 200 sccm forming gas (5% H2 in Ar) for 90 min at 1050 °C with different 
borazine flow rates of  (a) 0.2 sccm;  (b) 0.3 sccm;  (c) 0.4 sccm;  (d) 0.5 sccm;  (e) 0.6 sccm. Scale 
bars are 2 μm. 

 
A summary of the thickness change with borazine flow rate is shown in Figure 4.4. It can be found 
that the thickness will basically increase linearly with borazine flow rate as more source for growth 
is provided. When the flow rate is as large as 0.6 sccm, films as thick as ca. 100 nm can be obtained.  
 

 
Figure 4.4: Thickness of h-BN films grown with increasing borazine flow rate. The thickness of h-
BN films show linear increase with the borazine flow rate. The films were grown in 200 sccm 
forming gas (5% H2 in Ar) for 90 min at 1050 °C with different borazine flow rates of  (a) 0.2 sccm;  
(b) 0.3 sccm;  (c) 0.4 sccm;  (d) 0.5 sccm;  (e) 0.6 sccm. 
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Figure 4.5: Optical images of h-BN films grown for different times after transfering onto SiO2. 
Growth times, (a) 30 min; (b) 60 min; (c) 90 min; (d) 120 min. Red and blue arrows show the 
cracks and wrinkles in the images, respectively. Similar wrinkles can also be observed in (b), (c) 
and (d). The images were recorded with the same optical settings, and the h-BN films show 
different contrast based on the thickness. The films were grown in 200 sccm forming gas (5% 
H2 in Ar) and 0.6 sccm borazine in Ar at 1050 °C. Scale bars are 50 μm. 
 
Another fundamental study of how the thickness will change with growth time was also carried 
out. Here borazine flow rate was fixed to 0.6 sccm, and the growth was stopped after 30 min, 60 
min, 90 min and 120 min. After growth the films were transferred to SiO2 by PVA method and 
annealed in Ar at 400 °C as mentioned before. Figure 4.5 shows the optical images of these 
transferred films. The images were recorded under the same optical setting as those in Figure 4.2. 
It can be noticed that contrast of the films change from a light blue color (Figure 4.5a) to light 
yellow (Figure 4.5c) and then to golden (Figure 4.5d) along with the increased growth time forming 
sharp contrast to the SiO2 substrates which shows the same color in all images. Wrinkles and holes 
can still be observed, and some small cracks can also be found in Figure 4.5a due to transfer. 
 
AFM images and related height profile are shown in Figure 4.6. It can be seen that the 
morphologies of the film did not show significant change with increased growth time, while the 
thickness showed an obvious increase, which is much easier to see in Figure 4.7. 
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Figure 4.6: AFM images of h-BN films transferred onto SiO2 with corresponding height profiles. 
The films were grown with different times of (a) 30 min; (c) 60 min; (e) 90 min and (g) 120 min 
in 200 sccm forming gas (5% H2 in Ar) and 0.6 sccm borazine in Ar at 1050 °C. Scale bars are 2 
μm. 
 

 
Figure 4.7: Thickness of h-BN films shows linear increase with growth time. The samples were 
grown in 200 sccm forming gas (5% H2 in Ar) and 0.6 sccm borazine in Ar at 1050 °C for 30 min, 
60 min, 90 min and 120 min, respectively.  
 
4.2.2 Annealing for higher crystallinity 
 
To study if the crystallinity of h-BN films can be further optimized,157 the samples were annealed 
at temperatures of 1200 °C, 1400 °C and 1600 °C, respectively, and transferred onto SiO2 for Raman 
characterization. Figure 4.8 shows the optical microscope image of the transferred films. For the 
films annealed at 1200 °C, they can easily be transferred by PVA method, and a uniform film can 
be obtained as shown in Figure 4.8a and b, though some holes can also be detected. The film shows 
large wrinkles that were not detected before transfer on sapphire. Once h-BN on sapphire was 
annealed at 1400 °C, interestingly, the transferred film presented less wrinkles as shown in Figure 
4.8c and d. However, the film has more broken parts compared to the film shown in Figure 4.8a 
and b. The transferred film has even fewer wrinkles when the annealing was carried out at 1600 °C, 
while the coverage is worse (Figure 4.8e and f). 
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Figure 4.8: Optical images of h-BN films transferred onto SiO2 after annealing at different 
temperatures. Annealing temperatures, (a) and (b) 1200 °C; (c) and (d) 1400 °C; (e) and (f) 1600 °C. 
Wrinkles and cracks after transfer are indicated by red and blue arrows, respectively. Fewer 
ALong with the increasing annealing temperature, the films show fewer wrinkles, however, with 
poorer coverage. Scale bars, (a), (c) and (e), 100 μm; (b), (d) and (f), 10 μm.  
 
Related Raman spectra were collected as shown in Figure 4.9. The film grown at 1050 °C shows 
the E2g peak position at ca. 1373 cm-1, which is even higher than the E2g peak positions for 
monolayers reported in literature.47, 165 Once the films were annealed at higher temperatures, the 
peak positions shift to a lower position at ca. 1368 cm-1, which agrees well with the position of 
multilayers reported in literature.47 Besides, no peaks at ca.  1600 cm-1 were detected, indicating 
negligible carbon contamination within the film.166, 167 The spectra recorded for annealing at 
1200 °C and above show oscillations at similar wavenumber. Origins to the oscillations are not 
understood.  
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Figure 4.9: Raman spectra of h-BN films on SiO2 after growth and annealing at different 
temperatures. h-BN films grown at 1050 °C were not further annealed before Raman spectra 
collecting (the black spectrum), while other films were annealed at different temperatures for 
two hours after growth at 1050 °C. Each spectrum is marked with the corresponding processing 
temperature. 
 
Full width at half maximum (FWHM) is widely used as an indicator of crystallinity as mentioned in 
section 3.2.3. h-BN films with high crystallinity normally display narrow peaks, and typical FWHM 
for high quality bulk single crystals is in the range of 8-9 cm-1.34 E2g peaks of the related films were 
fitted with Voigt functions to determine the FWHM, and the fitted peaks were shown in Figure 
4.10. Detailed peak information is listed in Table 1, which shows how the E2g peaks shift with 
annealing temperature. The peaks show a large shift from 1373.3 cm-1 to 1368.9 cm-1 after 
annealing at 1200 °C, while only a small shift of 0.7 cm-1 is detected after annealing at 1400 °C, and 
eventually the peak is stabilized at 1368.2 cm-1 even when the film was annealed at 1600 °C. FWHM 
only shows a slight reduction of 2.9 cm-1 after annealing at 1200 °C, and the largest change was 
detected after annealing at 1400 °C, which shows a decrease of 7.8 cm-1 after annealing. For the 
annealing at 1600 °C, FWHM displays even less improvement of 0.6 cm-1.  
 
From these results we can know that annealing at high temperature does help to improve the 
crystallinity, and the higher the temperature, the better the crystallinity for the films. Results from 
films annealed at 1600 °C represent the highest crystallinity that we can obtain from a catalyst-
free system in our system. 
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Figure 4.10: Fitted E2g peaks of h-BN on SiO2 showing peak positions and FWHM. The samples 
are: (a) Freshly grown film without annealing. (b) Annealed at 1200 °C for two hours. (c) 
Annealed at 1400 °C for two hours. (d) Annealed at 1600 °C for two hours. After growth or 
annealing, h-BN films were transferred onto SiO2 for collecting Raman spectra. 
 
Table. E2g peaks after annealing at different temperatures.  
 

Sample Annealing 
temperature (°C) 

Center of E2g peak  
(cm-1) 

FWHM (cm-1) 

1 1050 1373.3 39.3 

2 1200 1368.9 36.4 

3 1400 1368.2 28.6 

4 1600 1368.2 28.0 

 
 
4.2.3 Composition evolution after annealing 
XPS spectra of boron and nitrogen were collected before and after annealing at 1400 °C, as shown 
in Figure 4.11. Note that the spectra were recorded after transferring the films onto SiO2. Direct 
data collection from h-BN on sapphire is possible, but with our setup severe charge accumulation 
can be observed even with the flood gun turned on, which prevents reliable measurements.  For 
boron spectra, before annealing, a weak shoulder at 191.8 eV can be noticed (Figure 4.11a), which 
is believed to be caused by oxygen contamination to the film,52 and the main peak is located at 
189.9 eV. After annealing, this weak shoulder due to oxygen contaminants cannot be detected 
anymore. Interestingly, the peak at 189.9 eV decreased in amplitude by a factor of ca. 0.6, while a 
new peak can be fitted at 190.2 eV (Figure 4.11c). For the nitrogen spectra, before annealing, a 
main peak at 397.4 eV and a flat peak at 397.8 eV can be found (Figure 4.11b). After annealing the 
peak amplitude at 397.4 eV is decreased while the flat peak evolves into a larger peak at the same 
position of 397.8 eV (Figure 4.11d). The peak positions of boron and nitrogen are all within the 
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range of reported numbers.52, 167 Combined with the Raman data, these data indicate that the peak 
evolution is related to crystallinity improvement after annealing.  

 
Figure 4.11. XPS spectra of boron and nitrogen peaks before and after annealing. (a) B1s and (b) 
N1s spectra from film grown at 1050 °C without further annealing.  (c) B1s and (d) N1s spectra 
from films annealed at 1400 °C. Each peak is fitted with sub-peaks showing the bonding 
characteristics.  
 
4.2.4 Flipped transfer for low surface roughness 
In order to test if the bottom surface of h-BN films from sapphire has much lower roughness 
compared to the top surface, a flipped transfer method is developed to expose the surface that is 
grown with sapphire as the template. Figure 4.12 explains how the flipped transfer is performed. 
First, the h-BN film is peeled off from sapphire using PVA film as the supporting layer, then a thin 
layer of PMMA is spin-coated onto the h-BN film. A thin piece of PDMS is then attached to the 
PMMA film to be used as the carrier layer. After removing the PVA film in water, a PDMS/PMMA/h-
BN stack can be obtained. Then the stack is placed onto SiO2, after removing PDMS and PMMA 
layer, h-BN films with the bottom surface exposed will be transferred onto SiO2. A more detailed 
transfer method can be found in section 4.1. 
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Figure 4.12: A schematic of flipped transfer. (a) A PVA film is laminated onto h-BN/Sapphire. (b) 
h-BN is peeled off from sapphire and flipped over. (c) PMMA is spin-coated onto h-BN, and a 
layer of PDMS is attached onto PMMA/h-BN/PVA. (d) PVA is dissolved in water. (e) 
PDMS/PMMA/h-BN is stacked onto SiO2 substrate. (f) PDMS is released from the PMMA/h-
BN/SiO2 stack. (g) PMMA is dissolved in acetone. 
 
Figure 4.13 shows the optical images of h-BN film transfer with the top surface (Figure 4.13a) and 
bottom surface (Figure 4.13b) exposed, respectively. The films were annealed at 1200 before 
transfer. We did not use the films annealed at 1400 °C or 1600 °C as annealing at 1200 °C can result 
in more continuous films. Some wrinkles and holes can be observed in Figure 4.13a, while 
interestingly, no wrinkles are noticed in Figure 4.13b, besides some small cracks can be found in 
the flipped film. We suggest that the disappearance of wrinkles and the formation of small cracks 
are due to the large expansion of PDMS once heated,168 and that by carefully controlling the 
temperature used in the transfer process, the cracks can be avoided. Note that images shown here 
were not taken under the same optical settings, which explains the difference in contrast. 

 
Figure 4.13: Optical images of h-BN from (a) normal transfer and (b) flipped transfer on SiO2. 
Wrinkles can be found in (a), while not observed in (b). Some small cracks can also be noticed in 
(b) as indicated by the black arrow. Scale bars are 50 μm. 

 
The transferred films were later studied using AFM to compare the surface roughness, and the 
scanned images are illustrated in Figure 4.14. Similar h-BN particles still can be observed from the 
top h-BN surface (Figure 4.14a) as those results presented (Figure 4.3 and Figure 4.6 ) before, while 
the bottom surface shows a more uniform morphology, though some small particles can still be 
observed (Figure 4.14b). The root-mean-square (RMS) roughness from the bottom h-BN surface 
was calculated to be 1.20 nm, which is more than two times smaller than roughness from the top 
surface of 4.65 nm. 
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Figure 4.14: AFM images of (a) top h-BN and (b) bottom h-BN after flipped transfer. Numerous 
particles are found on the top h-BN surface in (a), while the flipped surface shows smooth 
topography with small variations on height (b). Roughness is shown in each image. h-BN films 
annealed at 1200 °C were used for the transfer. Scale bars are 1 μm. 
 
4.2.5 h-BN as the substrates for graphene devices 

 
Figure 4.15: Optical images of h-BN films with patterned electrodes and detached flakes. (a) h-
BN film by flipped transfer. (b) h-BN film by normal transfer. Numerous regions of the h-BN film 
are torn off from the substrates after developing as indicated by the red arrows. Scale bars are 
100 μm. 
 
To test if the h-BN films with low bottom roughness after flipped transfer can improve the 
performance of graphene devices, graphene devices based on van der Pauw geometry are 
designed. Graphene films will be transferred onto h-BN substrates with deposited electrodes for 
further patterning using photolithography. However, many regions of the h-BN films are torn off 
during the developing process as shown in Figure 4.15 (indicated by the red arrows). Electrical 
measurements were not carried out at the time of writing.  
 
 
4.3 Discussion 
4.3.1 Thickness control  
The thickness of h-BN films deposited with different borazine flow rates was explored, which 
shows a linear trend with flow rate. Other factors could lead to the variation of h-BN thickness, 
which will be discussed as below. The first factor could be the pressure of argon gas used to carry 
and dilute borazine through the bubbler. During the experiments, it is noticed that the regulator 
used for argon gas does not provide stable gas flow. When the argon in the bubbler is consumed, 
there may not be a related amount of argon released from the regulator to the bubbler to 
compensate the pressure change. In this case, the partial pressure of borazine will steadily increase 
in the bubbler. Until the pressure change is large enough, a large amount of argon will be 
introduced into the bubbler and the partial pressure of borazine will decrease substantially. Such 
uncontrolled changes of partial pressure of borazine could contribute to the variation of h-BN 
thickness. Moreover, the freezer used to store borazine turned out to exhibit significant 
temperature variations in the range from -9 to -19 °C.  Since the temperature directly influences 
the vapor pressure of borazine, the amount introduced into the system for growth will be varied 
as well, which could also influence the thickness. 
 
4.3.2 Wrinkles formation 
Formation of wrinkles on metal foils after graphene and h-BN growth has been widely reported, 
and are often thought to be caused by the difference of coefficient of thermal expansion (CTE).169 
In our case, we do not see wrinkles directly after growth, while the wrinkles are commonly 
observed after transferring the h-BN films onto SiO2. We speculate that such h-BN films may bind 
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strongly to the sapphire substrate after growth, and will shrink evenly together with sapphire 
which would explain why wrinkles are not observed before transfer. We also noticed that water 
intercalation is needed in order to transfer h-BN films successfully by PVA, which confirms the 
strong interaction between h-BN and sapphire. The wrinkles will be formed after transfer in order 
to release the strain caused by the difference of CTE. 170 
 
Theoretically, annealing at high temperature should cause even larger strain in the film, and later 
more wrinkles could be detected after transfer. However, results show that the wrinkles of h-BN 
films can be partially smoothened by annealing at higher temperature. Such an unusual 
smoothening process needs to be further studied, as this could lead to synthesis of 2D films with 
lower roughness. 
 
4.3.3 Continuity during transfer 
After transfer, some holes can be observed in the film, with the coverage worsening with 
increasing annealing temperature. The h-BN films will bind more strongly after annealing at high 
temperature, and a more efficient transfer method is highly desired. Besides, growth on some 
other substrates can be a possible solution to this problem as the h-BN-substrates interaction can 
be different. In our experiments, sapphire was chosen due to its low surface roughness and high 
thermal stability, and other substrates with similar characteristics can also be used. 
 
4.4 Conclusion 
h-BN films with different thickness were directly prepared on sapphire using CVD method. These 
films showed higher crystallinity after annealing at increased temperature. Interestingly, the films 
show less wrinkles after annealing at high temperature, as well as lower coverage. A flipped 
transfer method was developed to utilize the bottom surface of h-BN, which showed almost 3 
times smaller roughness compared to the top h-BN surface.  
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Chapter 5 Diffusion-assisted growth on sapphire 
 

Work presented in this chapter is based on hypothesis 2: that h-BN films can grow at the catalyst-
substrate interface by a diffusion process. 
 
5.1 Methods 
Growth with Fe-Ga alloy 
A high temperature furnace (BTF-1700C, 60 mm diameter) installed with an alumina tube was used 
for high temperature growth, which can run continuously at temperatures up to 1600 °C. To grow 
h-BN directly on sapphire, gallium (Alfa Aesar, 99.999% purity) with iron foil (Alfa Aesar, 0.127 um, 
99.5% purity) on top was sandwiched by c-plane sapphire and a h-BN plate, which was then loaded 
into the furnace. Here sapphire worked as the substrate for growth, and the liquid metal with iron 
worked as the catalyst, while the h-BN plate (or h-BN powder) supplies both N and B for growth. 
Gallium cannot wet the sapphire surface, while the weight of h-BN plate pushes gallium to form 
thin layers on sapphire, which helps to provide more surface on sapphire for growth.  
 
The system was then pumped down to 5 x 10-2 mBar, and then filled with Ar/H2 forming gas (2.4% 
H2 in Ar, ARCAL 10, Air Liquide) to atmospheric pressure. The temperature was increased to 
1300 °C over 130 min, and then annealed for 2 to 4 hours in 150 SCCM forming gas. After growth, 
the system was cooled to 900 °C with a rate of 10 °C/min, and then naturally to room temperature 
in 150 sccm forming gas. The alloy (wt. 10% Fe in Gallium) became solid at room temperature, and 
could be easily peeled off from sapphire. Then the substrates were further cleaned in 5% 
HCl+5%H2O2 in H2O. Growth with other temperatures was performed in a similar way. 
 
Growth with pure Ga 
In order to grow continuous film, borazine was used for the growth with pure gallium. A different 
furnace (OTF-1200X, MTI, 60 mm diameter) installed with a quartz tube was used for low 
temperature growth, and is capable of maintaining 1100 °C continuously.  
 
For the growth, gallium was used as the catalyst, and borazine was used as the source. Without 
the h-BN plate, the shape of the gallium droplet attains a nearly spherical shape on the sapphire 
substrate. After loading the substrate with gallium into the furnace, the system was pumped down 
to 3 x 10-2 mbar, and then filled with Ar/H2 forming gas to atmospheric pressure. The system was 
raised to growth temperature (650 °C to 1050 °C) in 60 min in 200 sccm forming gas, then borazine 
(0.06-0.6 sccm with argon) was introduced into the system for h-BN growth. After growth for a 
period of 60-240 min, the furnace was turned off and let cool down to room temperature naturally 
with all the gas flow unchanged. The gallium was in liquid state after growth, and could be slid 
away easily with tweezers. Sapphire was further cleaned in 5% HCl+5% H2O2 in H2O. 
 
5.2 Results  
5.2.1 h-BN growth from Fe-Ga alloys 
Figure 5.1 shows an optical image of h-BN films on sapphire grown from 10% Fe-Ga at 1300 °C. 
The film is not continuous (Figure 5.1a), as some cracks are induced during peeling the alloy off. 
Furthermore, contaminants can be found on the surface (Figure 5.1b and c). Interestingly, it can 
be noticed that the growth proceeds in a unique mode. For the growth on metals, such as iron and 
copper, some discrete domains can be obtained by carefully changing the dose rate of the source, 
and the domains usually show pyramid-like topography with much higher thickness in the center 
as shown in the Inset of Figure 5.1b.171 Once these domains are connected to each other, the films 
show high inhomogeneity.43 Here in our case, these domains show similar contrast with good 
uniformity. Triangular domains can be found but not with pyramid-like topography, instead these 
triangular domains show sharp edges (Figure 5.1c and d), which is an indicator of high crystallinity. 
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Figure 5.1: Optical images of h-BN grown on sapphire with 10% Fe in Ga. (a)-(d) are images 
collected at different magnifications. Inset in (b) shows a SEM image of pyramid-lidke h-BN 
multilayers grown on Fe, which is reproduced from Ref. 151. Some cracks can be observed in the 
film as indicated in (d) by blue arrows and the films detached from sapphire folds together. The 
red arrows show the sharp edges of h-BN domains.  Scale bars, (a) 100 μm; (b) and (c) 50 μm; (d) 
10 μm. 
 
The sharp edges were further confirmed by AFM as shown in Figure 5.2. Interestingly, some 
hexagonal edges can be seen in Figure 5.2a, which also indicates high crystallinity of the film. The 
images also show wrinkles on the top surface. These are commonly attributed to the difference of 
thermal expansion coefficient of h-BN and sapphire as mentioned before.168 In Figure 5.2b and d, 
the height profile along the white lines in the related image are also shown, and the thickness is 
calculated to be ca. 80 nm and ca. 51 nm for films in Figure 5.2a and c, respectively. The sharp 
edges are clearly indicated by the abrupt change in the height profile. 
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Figure 5.2: (a) and (c) AFM images collected from edges of h-BN on sapphire; (b) and (d) Height 
profiles along the line shown in (a) and (c), respectively.  In (a), edges from a hexagonal domain 
are shown, which are indicated by red lines. Some herringbone wrinkles can be found on the 
domain with an angle of ca. 120 degrees (marked by blue arrows). Scale bars are 2 μm. 
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Figure 5.3: Raman spectra of h-BN film on sapphire grown with 10% Fe-Ga at 1300 °C. Inset is 
the fitted E2g peak with peak position and FWHM indicated. 
 
To show the crystallinity of the films, Raman spectra were collected from the samples on sapphire, 
which are shown in Figure 5.3. The E2g peak is located at ca. 1369.0 cm-1, which agrees well with 
peak positions of multilayer h-BN.35 The FWHM is fitted to be ca. 14.9 cm-1, which indicates a high 
degree of crystallinity, while not as small as those typical for  precipitated h-BN crystals. Besides, 
no carbon peak is observed in the Raman spectra. 
 
Fe-Ga alloys with different iron content were also tested as catalysts for h-BN growth, and the 
related optical microscope images are shown in Figure 5.4. Note that all the samples were 
prepared with 2-hour annealing. In pure gallium (Figure 5.4a), interestingly, a round domain 
composed of small triangular h-BN flakes can be observed. It is still not clear why these small 
domains will arrange in such a circular shape.  
 
Figure 5.4a shows the optical image of h-BN domains on sapphire grown from pure gallium, and 
some triangular domains can be observed. Interestingly, these small crystals show the same 
orientation as indicated by the black arrows. Such orientation could be related to the single 
crystallinity of sapphire underneath. The film grown from alloy with 5% iron does not show thick 
domains (Figure 5.4b), but seems to be more continuous with higher coverage. With more iron 
(20% Fe-Ga) in gallium, the crystallinity appears to be improved further as some sharp triangles 
can be observed (Figure 5.4c).  These triangles do not share the same orientation anymore, but 
have a higher thickness based on the optical contrast. Once the iron content is increased to 30%, 
these triangular crystals are not detected any more, while some very thick h-BN domains can be 
found on sapphire. The results suggest that suitable iron content lower than 30% can help to 
improve the crystallinity of h-BN films.  

 
Figure 5.4: Optical images of h-BN domains on sapphire grown from alloys with different iron 
content at 1300 °C. (a) 0% Fe-Ga. (b) 5% Fe-Ga. (c) 20% Fe-Ga. (d) 30% Fe-Ga. Small triangular 
crystals with the same orientation can be observed in (a) as indicated by the black arrows. 
Compared to the film in (b), h-BN domains in (c) show higher crystallinity as sharp triangular 
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edges can be noticed, while higher iron content of 30% will lead to the growth of domains with 
much higher thickness but less coverage as shown in (d). Sapphires in these images show 
different contrast as images were not recorded under the same optical settings. Scale bars are 
50 μm. 
 
The BN films were further characterized by XPS after transfering onto SiO2 substrate, spectra with 
fitted peaks are presented in Figure 5.5. For the B1s spectra, The peak at 190.0 eV agrees well with 
the value reported, while two other peaks can also be observed at 191.9 eV and 188.5 eV, which 
are ascribed to oxygen and carbon contaminations in the film.172, 173 Two peaks at 397.4 eV and 
397.1 eV are fitted, and the positions all agree well with reported values.41 The different binding 
energy could be caused by different disorders or defects in the film.154 

 
Figure 5.5: XPS spectra of B1s (a) and N1s (b) collected from films transferred onto SiO2 with 
fitted peaks. In the B1s spectrum, peaks ascribed to boron-oxygen, boron-nitride and boron-
carbon are shown, while in the N1s spectrum, two fitted peaks are shown. 
 

 
 
Figure 5.6: A TEM study of h-BN films synthesized on sapphire with 10% Fe in Fe-Ga alloy. (a) A 
cross section of the h-BN film on sapphire. Layers of different compositions are indicated in the 
images, which are sapphire, carbon, h-BN, platinum and amorphous carbon from left side to the 
right, respectively. (b) A cross section image of the area marked by a red rectangle in panel a. (c) 
EELS spectra showing the composition change of the film. Four curves showing the concentration 
of oxygen, carbon, boron and nitrogen along with thickness are plotted in the image. Interfaces 
of different layers are indicated by red dashed lines. Scale bar, (a) 50 nm; (b) 10 nm. 
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TEM is used to further study the crystallinity of the h-BN films. Figure 5.6a shows the cross-
sectional view of h-BN film on sapphire grown with 10% Fe in Fe-Ga alloy.  Here films with different 
contrast can be observed with very sharp interfaces. A closer look at the interface from the marked 
region is shown in Figure 5.6b, and the h-BN lattice structures can be noticed in the right part of 
the image with layered structures indicating high crystallinity. Composition of the films were then 
analyzed using Electron Energy Loss Spectroscopy (EELS),78 and the chemical composition is 
presented along with the film thickness in Figure 5.6c. It is clear that the film in contact with 
sapphire is composed of mainly carbon with traces of boron and nitrogen atoms. At the thickness 
of ca. 30 nm, a sharp interface can be observed. Here carbon concentration decreases quickly, 
while boron and nitrogen levels increase rapidly. The carbon concentration is determined to be at 
a level similar to that of sapphire, while oxygen concentration is detected to be in an even lower 
concentration. This is indicative of high purity of the synthesized h-BN films, though some carbon 
can be located underneath. The formation mechanism of the heterostructures with such sharp 
interfaces are not quite clear yet. 
 
5.2.2 h-BN growth from pure gallium 
5.2.2.1 Continuous h-BN film under gallium 

 
Figure 5.7: Optical images of h-BN (a) before and (b) after transfer. h-BN film shows higher 
thickness at edges and high uniformity in central regions. (c) AFM image of h-BN film on sapphire 
with hexagonal wrinkles. The sample was slightly tilted during scanning. (d) Associated height 
profile corresponding to the white line in panel (c). The height profile is levelled to have a 
horizontal profile. Scale bar, (a) 10 μm; (b) 100 μm; (c) 2 μm. 
 
Figure 5.7a and b show the optical microscope images of h-BN film grown under pure Ga on 
sapphire before transfer and on SiO2 after transfer, respectively. The central part of the film does 
not exhibit a high contrast on sapphire, which makes it difficult to be observed. The increased film 
thickness near edges, however, makes it straightforward to locate the film (Figure 5.7a). The 
thickness decreases to a constant level from the edges to the center part over ca. 100 um. The 
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high homogeneity of the central region can be further demonstrated by the contrast from the film 
after transfer as shown in Figure 5.7b in blue color. 
 
AFM was used to further study the surface morphology of the film. Interestingly, some hexagonal-
shaped wrinkles can be observed on the surface (Figure 5.7c), which is also reported in literature 
before.56 A height profile along the white line in Figure 5.7c shows that the thickness of the film is 
ca. 6 nm (Figure 5.7d). Some large peaks in the profile are originated from the contaminants on h-
BN surface and the related wrinkles.  
 

Figure 5.8: Raman spectra of h-BN film grown under pure gallium. (a) Raman Spectra of h-BN 
films before (in red color) and after (in black color) transfer, an increase of the peak intensity 
can be noticed after transfer. (b) Peak fitting to the E2g peak with peak position and FWHM 
shown in the image.  
 

 
Figure 5.9: XPS spectra of B1s and N1s of h-BN films transferred onto SiO2 grown under pure Ga 
with fitted peaks. (a) B1s spectrum with two peaks fitted at 190.5 eV and 188.8 eV, respectively. 
(b) N1s spectrum with a fitted peak at 397.8 eV.  
 
Raman spectra of h-BN before and after transfer were also collected, as shown in Figure 5.8. The 
sample shows a quite weak Raman signal on sapphire before transfer, while the peak increases 
with ca. 5 times larger amplitude after transfer (Figure 5.8a). No other peak is detected in the 
spectra, though some peaks from noise can be noticed. The fitted peak position (Figure 5.8b) of 
1366.5 cm-1 agrees well with the value reported for multilayer h-BN films,35 and the FWHM shows 
a value of ca. 21.9 cm-1, which is comparable to films directly grown on metals.46 
 
The resulting films were also studied by XPS, and the spectra are shown in Figure 5.9. Interestingly, 
after fitting to the boron peak, a possible, weaker peak at ca. 188.8 eV appears (Figure 5.9a), which 
could be ascribed to boron-carbon bonds,172, 173 or the disordered defective h-BN.174 The main 
peak at 190.5 eV agrees well with the positions reported in literature, and the nitrogen peak at 
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397.8 eV is also within the range of reported values (Figure 5.9b).174  
 
5.2.2.2 Hunting for higher thickness 

 
Figure 5.10: Optical images of h-BN films grown with different borazine flow rates after 
transferring onto SiO2: (a) 0.1 sccm; (b) 0.2 sccm; (c) 0.3 sccm, (d) 0.4 sccm, (e) 0.5 sccm and (f) 
0.6 sccm. A black arrow is used in each image to indicate the interface of h-BN from the Ga-
covered region (inner h-BN) and the Ga-uncovered region. The images were recorded with the 
same optical settings. The similar contrast of inner h-BN indicates negligible change of thickness, 
while the h-BN films from Ga-uncovered regions show highly increased thickness with borazine 
flow rates. Scale bars are 100 μm. 
 
 
In order to find out how the borazine dose influences the thickness of h-BN, growth was performed 
with different borazine flow rates from 0.1 sccm to 0.6 sccm. After growth, Ga liquid was 
mechanically removed and the sapphire/h-BN was washed in diluted HCl/H2O2 solution to etch 
gallium residues away. Followingly, h-BN films were transferred onto SiO2 by PVA transfer. Figure 
5.10 shows the optical images of h-BN after transfer. These images were recorded under the same 
optical settings, so the change of contrast can be used as an easy and effective way to show the 
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change of thickness. In Figure 5.10a, the light blue line shows the edges of h-BN film, while 
continuous h-BN film can be noticed in the lower part with light blue color. Here the h-BN film was 
grown under the liquid Ga catalyst, which I would term inner h-BN from hereon. From the regions 
without Ga covering, no h-BN film can be detected. Once the borazine flow rate was increased to 
0.2 sccm, apart from the regions covered by gallium, h-BN films were observed from the regions 
not covered by Ga in the right part of Figure 5.10b, with higher contrast, which will be called as 
outer h-BN hereon. By increasing the borazine flow rate, we did not see an obvious increase of the 
thickness of inner h-BN based on the optical contrast. However, the outer h-BN film did become 
thicker, which could be explained by high borazine partial pressure during growth. By further 
increasing the borazine flow rate to 0.5 sccm, progressively thicker h-BN films from Ga-uncovered 
regions could be obtained, while the inner h-BN still did not show a noticeable increase of thickness. 
Once the flow rate was increased to 0.6 sccm, the inner h-BN showed higher thickness as shown 
in Figure 5.10f. Based on these experiments, we suspect that h-BN growth under gallium is 
relatively insensitive to the change of borazine flow rate.  
 

 
 
Figure 5.11: Optical images of h-BN films grown with different times after transferring onto SiO2. 
(a) 30 min; (b) 60 min; (c) 90 min; (d) 120 min. A black arrow is used in each image to indicate 
the interface of h-BN from the Ga-covered region and the Ga-uncovered region. h-BN film grown 
under Ga-covered region is termed inner h-BN. The images were recorded with the same optical 
settings. The similar contrast of inner h-BN indicates negligible change of thickness, while the h-
BN films from Ga-uncovered regions show highly increased thickness with growth time 
according to the contrast. Scale bars are 100 μm. 
 
Another necessary experiment is to find out if the thickness of the film will increase with longer 
growth time. Films grown with 0.6 sccm borazine for different times of 30min, 60 min, 90 min and 
120 min, were transferred onto SiO2 for further characterization. Figure 5.11 shows the optical 
images of transferred films, and all these images were recorded under the same settings as 
mentioned before. Surprisingly, the inner h-BN films still showed similar contrast indicating 
negligible change of thickness, while the outer h-BN presened brighter and brighter contrast with 
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elongated growth time indicating highly increased thickness. The results suggest that the h-BN 
growth under gallium is also insensitive to change of growth time, as the thickness will not change 
significantly with longer growth time. 
 
5.2.2.3 Carbon contamination 

 
Figure 5.12: Carbon contamination in h-BN film. (a) An optical image of a h-BN film with carbon-
rich domains indicated by red arrows. (b) An optical image of regions marked with blue and red 
dots from which Raman spectra were collected. (c) Raman spectrum collected from the blue dot 
marked region. (d) Raman spectrum collected from the red dot marked region. Peak positions 
are indicated in each image. Scale bar, (a) 100 μm; (b) 10 μm. 

 
After transferring onto SiO2 substrates, some circular domains with darker contrast can be easily 
noticed within the film in Figure 5.12a as indicated by red arrows. Raman spectroscopy was used 
to determine its possible composition. Spectra were collected from different locations as marked 
by the blue and red dots, which are shown in Figure 5.12b, respectively. The blue dot is located 
outside the darker region, which has the similar contrast to most parts of the film, and Raman 
spectrum shows a strong peak at 1367.5 cm-1, which agrees well to the E2g peak of h-BN 
multilayers.35 Besides, a weak shoulder at ca. 1590 cm-1 can also be detected (Figure 5.12c), and 
such peak is normally regarded as carbon contamination (G peak).166, 167 From the spectrum taken 
from the region marked by the red dot (Figure 5.12d), two main peaks located at 1369.8 cm-1 and 
1602.2 cm-1 were measured. The peak at 1602.2 cm-1 also agrees well with the G peak of graphitic 
film.166 The broad peak at 1369.8 cm-1 is still within the range of E2g peaks of h-BN multilayers, and 
no obvious D peak or 2D peak was observed. These spectra imply severe carbon contamination in 
some regions of the h-BN film. 
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5.2.2.4 Low-temperature growth 

 
Figure 5.13: Optical images of samples on sapphire grown at low temperatures. (a) White arrows 
indicate the edges of a film with low contrast. (b) and (c) show the circular domains with wrinkles. 
(d) Both circular domains and thick crystals can be observed. Growth temperature is shown in 
each image. Scale bars are 10 μm. 
 
Much effort was put on exploring the growth in other temperature ranges in order to elucidate 
the relation between crystallinity and temperature. Figure 5.13 shows h-BN films grown under 
pure Ga on sapphire at lower temperatures between 650 °C and 950 °C. With the temperature of 
950 °C, a continuous film can be obtained. However, due to the poor contrast it is not easy to 
detect the film by optical microscopy. The edges show brighter contrast as indicated by the white 
arrows in Figure 5.13a. Once the samples were grown at lower temperatures, some circular 
domains can be detected on sapphire under microscope (Figure 5.13b and c). These domains show 
much brighter contrast, and some wrinkles can be noticed within the film. It was not clear whether 
those domains are in fact h-BN. If the temperature is further decreased to 650 °C, similar circular 
domains can still be noticed, though in smaller size. More interestingly, some bulky crystals of 
mostly triangular shape are seen on the substrates (Figure 5.13d), while not observed on other 
samples. The composition of the crystals and their growth mechanism are still not clear, and is 
subject to further investigation.   
 
To further check if h-BN films can be synthesized at such temperatures with this method, samples 
mentioned above were transferred onto SiO2 for Raman characterization, and related optical 
images are shown in Figure 5.14. For films grown at 650 °C, circular domains with the thick bulky 
crystals can be seen, and the thick crystals with PVA residues left turn out in light yellow color 
(Figure 5.14a and b). For the samples prepared at relatively higher temperature, both the circular 
domains and a thin layer film in light blue color can be detected (Figure 5.14c-h). These circular 
domains presented here show similar color contrast as those from carbon contaminated domains 
as illustrated in Figure 5.12. 
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Figure 5.14: Optical images of h-BN films grown at different temperatures after transferring onto 
SiO2, and growth temperature is shown in each image. Circular domains can be observed in the 
films as shown in (a), (b), (d), (f) and (h), while continuous films can be noticed in (c), (e) and (g). 
Some thick crystals can also be observed in (a), (b) and (c), as indicated by the red arrows. The 
samples were not annealed in Ar to remove PVA residues before recording images. Scale bars in 
(a), (c), (e) and (g) are 100 μm, and 10 μm in (b, (d), (f) and (h). 
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Related Raman spectra from the circular domains and the thin films with light blue color prepared 
at different temperatures were collected and are shown in Figure 5.15a and b, respectively. In 
Figure 5.15a, two main peaks at ca. 1368.9 cm-1 and 1596.6 cm-1 can be noticed, which is quite 
similar to the results from the carbon-rich domains as shown in Figure 5.12d. Reasons to the shift 
of G peaks in different samples are still not clear, which could be related to the crystallinity of the 
films.165  
 
In Figure 5.15b, the peaks at ca. 1368.3 cm-1 agree well with the E2g Peaks of h-BN indicating the 
successful synthesis of h-BN films at relatively low temperature,35 while no h-BN are detected from 
the sample prepared at 650 °C. Besides, spectra from films prepared at 850 °C and 950 °C do not 
show obvious carbon signals. However, a strong G peak can be noticed in film prepared at 750 °C, 
with E2g peak shifted to a lower position, while the spectrum also shows a weak peak at ca. 2720.9 
cm-1, which is quite close to the position of 2D peaks of graphitic films.167 

 
Figure 5.15: (a) Raman spectra collected from circular domains grown at different temperatures 
showing carbon contamination. (b) Raman spectra collected from regions out of circular 
domains grown at different temperatures showing h-BN signal. Peak positions are shown in the 
images, and corresponding growth temperature is also indicated by the color of each curve. The 
peak at ca. 1450 cm-1 in (b) corresponds to the third-order peak of silicon. 
 

 
Figure 5.16: Peak fittings of E2g Peaks of h-BN grown at different temperatures under gallium, (a) 
750 °C; (b) 850 °C; (c) 950 °C. Positions of fitted peaks and corresponding FWHM are shown in 
each image. FWHM will change to smaller values with increasing growth temperature indicating 
higher crystallinity.  
 
The peaks at around 1368.3 cm-1 are fitted to learn more about the crystallinity of films, and the 
results are shown in Figure 5.16. For the peak from the film grown at 750 °C, the peak can be fitted 
to two peaks at 1353.8 cm-1 and 1369.0 cm-1, which agrees well with the D peak of graphene and 
E2g peak of h-BN (Figure 5.16a).167 For the peaks of films prepared with higher temperatures (Figure 
5.16b and c), a small shift of the E2g peak from 1368.6 cm-1 to 1367.8 cm-1 is apparent  along with 
the temperature increase, and the FWHM of the peaks also show a small decrease indicating 
higher crystallinity can be obtained with higher growth temperature. 
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From these results, we know that growth of h-BN films with decent quality is possible under low 
temperature with gallium, and the crystallinity will increase with growth temperature. Too low 
temperature will mainly lead to the growth of carbon rich films. This is in agreement with the 
general trend in the field that the crystallinity of the h-BN films depends highly on growth 
temperature. 
 
5.2.2.5 High-temperature growth 
To grow h-BN films with better crystallinity, gallium/sapphire samples were annealed with 
borazine at temperatures of 1200 °C, 1400 °C and 1600 °C in the high temperature furnace. 
However, after mechanically removing gallium, etching of the sapphire was observed, as shown in 
the optical images in Figure 5.17. After growth at 1200 °C, some irregular grooves are left on 
sapphire. When the temperature was raised to 1400 °C, more light brown colored contaminants 
were observed on the surface, as well as circular pits on the sapphire surface. At 1600 °C the 
etching effect is more severe as a deep hole was observed on the sapphire surface with a small 
drop of gallium left. Note that gallium in this case was not removed after annealing. The small 
amount of gallium left indicates the high rate of evaporation at this temperature. Besides, some 
sphere-shaped structures in grey color can also be found on the surface, though its composition is 
not clear. Samples from different temperatures were then characterized using Raman 
Spectroscopy, however, no Raman signal of h-BN films were detected. 
 

 
Figure 5.17: Optical images of sapphire after high temperature growth with borazine. Annealing 
temperatures, (a) 1200 °C; (b) 1400 °C; (c) and (d) 1600 °C. Etched grooves and holes can be 
observed in the images. The effect of etching will be more severe with increasing temperature, 
and gallium will evaporate significantly at a temperature of 1600 °C.  No h-BN films were 
detected on sapphire after growth.  Scale bar, (a) and (c) 50 μm; (b) and (d) 100 μm. 
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5.2.2.6 Growth by epitaxy  
For the h-BN growth under pure Ga, after mechanically removing gallium from the h-BN/sapphire 
surface, some gallium residue can still be observed. Interestingly these gallium domains will 
normally crystallize and form hexagonal domains on h-BN/sapphire as shown in Figure 5.18. Note 
that not all the gallium left will crystallize and some of the gallium will stay in a liquid state. Besides, 
a thin film with wrinkles can also be observed, which turns out to be h-BN film grown on the top 
gallium surface. Another interesting result is that all the gallium crystals show the same orientation 
as indicated by the red line. As these gallium crystals presumably crystallize on h-BN with h-BN as 
the seed, the h-BN film underneath should also show the same orientation, which implies that the 
h-BN growth on sapphire under gallium could proceed by epitaxy. 

 
Figure 5.18: Optical images of gallium crystallized on h-BN/sapphire showing the same 
orientation indicating that the h-BN film grown underneath could be by epitaxy. Orientation of 
gallium crystals is indicated by red lines in each image. Scale bars are 10 μm. 
 

 
Figure 5.19: Selected area electron diffraction (SAED) patterns of h-BN grown under gallium, 
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showing the same orientation indicating h-BN grows by epitaxy. The orientation is indicated by 
a dashed red line in each image.  The images were recorded from different locations on TEM 
grids. 
 
To further prove that the h-BN grows by epitaxy, h-BN films were transferred onto TEM grids for 
selected area electron diffractions (SAED) study, and the resulted diffraction patterns are shown 
in Figure 5.19. These diffractions were taken from different regions on the grids, and all the 
diffractions show the same orientation as indicated by the dashed red line, suggesting that the h-
BN grows by epitaxy.46 
 
5.2.2.7 Resistive switching devices 

 
Figure 5.20: (a) Optical image of resistive switching devices fabricated on SiO2. Lateral size of the 
device is ca. 5 × 5 μm2 with gold as the bottom electrodes and titanium/gold as the top 
electrodes. Scale bar is 10 μm. (b) A typical I-V curve from the fabricated device with high 
resistance state (HRS) and low resistance state (LRS) shown in the image. The h-BN films used 
for devices fabrication were grown from pure Ga with 200 sccm forming gas, 0.6 sccm borazine 
in Ar for 90 min at 1050 °C. 
 
As an application of the synthesized h-BN films, resistive switching devices were fabricated as 
shown in Figure 5.20a using h-BN films grown under pure Ga. Here pre-patterned gold on SiO2 (300 
nm)/Si was used as the bottom electrodes, and after BN transfer, top electrodes composed of 
titanium and gold were deposited. The devices have a later size of ca. 5 × 5 μm2. The current was 
measured with a scan rate 0.2 V/s in the range of ±2 V, and a typical I-V curve is shown in Figure 
5.20b. 
 
The device shows a high resistance state (HRS) during the scanning from 0 V to 1.7 V, and a low 
current can be detected which will slightly increase with the voltage. When the voltage is as large 
as ca. 1.7 V, a sudden current increase can be seen as the device is switched into a low resistance 
state (LRS), and such state will be kept until a negative voltage is applied to switch it into HRS at 
ca. -1.5 V along with a sharp decrease of the current. Such bipolar behavior agrees well with the 
literature.109 However, the on/off ratio of the device is calculated to be ca. 22, which is very small 
compared to other devices made with h-BN multilayers (on/off ratio up to 106) and h-BN 
monolayer (on/off ratio up to 107).109, 110 The reason for the low on/off ratio is not clear.  
 
5.3 Discussion 
5.3.1 Source of carbon contamination 
Some regions of the h-BN films are found to be contaminated by carbon, however, the source of 
the carbon is not clear. While it has been suggested that oil from the pump could be one of the 
sources of carbon contamination under low-pressure growth,175 our system is featured with an oil-
free dry pump and our growth processes happen at atmospheric pressure, which makes backflow 
from the pump an unlikely candidate for the carbon contamination. Moreover, others have 
suggested that silicone rings used for sealing quartz tubes may release carbon species upon 



 69 

thermal irradiation,176 and as we are indeed using such silicone rings in our system, this  possibility 
does exist. Other sources of carbon contamination could be adventitious carbon, both on sapphire 
and in the tube; oils/greases contaminating the furnace components from manufacturing. Another 
possible source is the forming gas. The gas used is commercially available with a name of Alphagaz 
2 from Air Liquide, which is suggested to have high purity of 99.999% (Ar%+H2%), however carbon 
contamination of CxHy of ca. 0.5 ppm still exists as indicated by the supplier. Gallium is suggested 
to have high surface energy once the oxide layer is removed,177 and in order to stay stable the 
contaminants from the system could be adsorbed onto the surface, with  the carbon molecules 
working as the source for the growth of carbon-rich domains on sapphire. It is therefore possible 
that forming gas with even higher purity may help to decrease the contamination to the film. 
 
5.3.2 High temperature h-BN growth 
h-BN growth with gallium at high temperature at 1200 °C, 1400 °C and 1600 °C was also tested. 
Unfortunately no h-BN was detected after growth based on Raman characterization, and the 
possible reasons are discussed in the following. A first possible reason could be that there is 
insufficient precursor supply at high temperatures for atmospheric pressure growths Borazine is 
quite sensitive to temperature and will form polymers, which are less volatile based on the 
temperature treated.178 The deposition from borazine can often be observed on quartz tube after 
growth. In the high temperature furnace, alumina blocks are used in order to go to high 
temperatures, and only a very limited gap is left for gas flow. As a result, borazine may be 
prematurely polymerizing and depositing upstream of the growth zone, leaving little precursor 
supply for growth. A second reason could be particle contamination from the system. The alumina 
tube used for the growth is not of quite high purity (99.5%), and lots of particles will be released 
at high temperature based on our former experiments with nickel foils. The particles adsorbed on 
gallium may passivate the surface for later growth.  
 
5.3.3 Possible growth mechanism 
It is peculiar that the h-BN films did not show increasing thickness with growth time as there is 
always a layer of gallium on top of h-BN to serve as a catalyst for h-BN growth. In principle, the h-
BN layer thickness should continuously grow as borazine is supplied. One possibility is that the 
precursor supply could be actually stopped as there is a layer of h-BN film on the outer surface of 
gallium which will act as a barrier for subsequent borazine to diffuse through. In this case, growth 
will proceed on condition that the h-BN barrier can be removed or the h-BN is sufficiently non-
continuous to allow part of the gallium surface to be exposed and act as windows for mass 
transport. One hypothesis is that if very low borazine is supplied for growth, then thicker and 
thicker films can be synthesized with longer growth time. A reason against using a low borazine 
supply is that it will be more difficult to have continuous h-BN film on gallium under such low flow 
rate. Besides, low flow rate will also mean that the growth under gallium could be slowed as fewer 
boron and nitrogen atoms are supplied.  



 70 

 
Figure 5.21: Optical images of h-BN films grown with different time after transferring onto SiO2. 
Growth time: (a) 60 min. (b) 120 min. (c) 180 min. (d) 240 min. Blue arrows in (b) indicate carbon 
rich domains. Red arrows in (c) indicate particles and wrinkles on the film. All the images were 
recorded with the same optical settings. Scale bars are 100 μm. 
 
To test the hypothesis, h-BN films were grown with 0.06 sccm borazine for different times of 60 
min, 120 min, 180 min and 240 min respectively, and the related films were transferred onto SiO2. 
The corresponding optical images are shown in Figure 5.21, recorded under the same settings. 
Interestingly, the film shows increased thickness based on the optical contrast as expected. 
However, some crystals can be found in Figure 5.21a, b and c, which is quite similar to the crystals 
observed on films grown at low temperature. The crystals could be formed during the cooling 
period, as the films were non-continuous, borazine could keep diffusing through to have the 
similar low-temperature growth. Such crystals are not observed in Figure 5.21d, which could 
indicate that the film is already continuous before cooling, so that no more growth will happen 
from hereon. 
 
Compared to the films grown with high borazine flow rate, these films with a low 0.06 sccm 
borazine flow rate show more particle and wrinkle-like topography, which makes the film not quite 
uniform with respect to thickness. Higher precursor flow should be more suitable to grow 
homogeneous film, though the thickness needs to be further optimized. 
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Figure 5.22: A schematic of possible mechanism of h-BN growth under gallium. Gallium placed 
onto sapphire is used as the catalyst, and h-BN films are expected to grow at the gallium-
sapphire interface. Borazine is used as the precursor for growth, which will be adsorbed onto 
the top surface of gallium and decompose forming boron and nitrogen atoms.  Some atoms will 
diffuse to the gallium-sapphire interface to support h-BN growth, while other atoms will form h-
BN films on gallium surface (Route 1). Once the top gallium surface is covered by a continuous 
h-BN film, the adsorption and decomposition of borazine will be stopped, and thus the diffusion 
and growth at the interface will be terminated (Route 2). 
 
We propose a growth mechanism, which explains the observations presented above. In a reductive 
atmosphere at high temperature, borazine will be firstly adsorbed onto the galium surface, which 
will decompose to form boron and nitrogen atoms. Some of the atoms will rearrange and form h-
BN on the gallium surface, while some of the atoms will diffuse to the gallium-sapphire interface 
and form h-BN there (Figure 5.22, Route 1). Once the gallium surface is covered with continuous 
h-BN film, the adsorption and decomposition of borazine will cease (Figure 5.22, Route 2), so that 
the thickness of h-BN at the interface changes no more. Such growth mechanism may also apply 
to the growth from Fe-Ga alloy with solid h-BN as the source as once the surface is covered by 
continuous h-BN, the decomposition of solid h-BN will be stopped. 
 
Although a high borazine dose means high mass transport, however, the top gallium surface will 
also be covered by continuous h-BN film more quickly, decreasing the growth time. A low borazine 
dose will provide a longer time window for the growth, however, low dose also means less atoms 
will be supplied for growth. In the end, the growth shows less sensitivity to borazine dose. Another 
explanation is that as gallium has a very high surface energy, it will absorb borazine quickly in a 
short time to get stabilized. This short adsorption time may play a more important role than the 
flow rate. 
 
Furthermore, thicker h-BN films are commonly observed along the gallium edges, so one may 
suggest that the growth/diffusion starts from the edges to the center. However, some h-BN 
domains which are not connected to the films grown from the edges can also be observed, 
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indicating that growth/diffusion from the edges are not the only way, and the boron and nitrogen 
atoms can also directly diffuse through the bulk of gallium.  
 
5.3.4 Gas atmosphere 
The sample shown in Figure 5.7 was prepared with forming gas of 2.4% H2 (ARCAL 10, Air Liquide, 
20 ppm O2), and similar experiments were also repeated with forming gas of 5% H2 in Ar with 
higher purity as mentioned before, and surprisingly, the film shows a decreased thickness of 4.62 
nm (average). It is not clear whether the thickness change is due to the increased hydrogen content 
or the decreased oxidative species in the gas or both of the two factors. Oxidative species have 
been suggested to etch h-BN and graphene under high temperature,179, 180 and the resulting 
regions with defects could work as the channels for the mass transport of boron and nitrogen 
atoms. Besides, similar to the effect of oxygen left in copper to graphene growth,181 the increased 
oxygen left on gallium surface in an oxygen-rich atmosphere may inhibit h-BN growth, and the less 
covered gallium surface will work as the catalyst to provide more boron and nitrogen atoms for 
growth. Note that hydrogen gas can be used as an effective reductive agent to balance oxidative 
species in the gas for CVD growth.180 Anyway, the role of oxidative species and hydrogen in the h-
BN growth under gallium needs to be further studied which may open the ways for the growth of 
thicker films. 

 
Figure 5.23: AFM images of h-BN film grown on sapphire (a), and related height profile shows 
the thickness of the film is  4.62 nm (b).  The film was grown with 200 sccm farming gas (2.4% H2 
in Ar) and 0.5 sccm Borazine for 90 min at 1050 °C. Scale bar is shown in the AFM image. 
 
Moreover, the gas atmosphere may deteriorate the quality of h-BN films. The growth at different 
temperatures shows that the crystallinity (FWHM) will increase (decrease) with increasing growth 
temperature, and that the films grown at a  temperature of 1050 °C and above should have better 
crystallinity compared to the film grown at 950 °C. However, the film prepared at 950 °C has 
comparable or better crystallinity (FWHM of 21.2 cm-1) compared to the film synthesized at 
1050 °C (FWHM of 21.9 cm-1). The possible reason could be the gas composition as more 
contaminants exist in ARCAL 10. 
  
5.4 Conclusion 
Highly crystalized h-BN films are successfully synthesized on sapphire with Fe-Ga alloy and pure 
gallium. h-BN domains from Fe-Ga alloy with bulk h-BN as the source are not continuous on a large 
scale, but the films show quite high crystallinity with the FWHM as narrow as 14.9 cm-1. 
Interestingly, a vertical heterostructure composed of a low crystallized carbon layer and h-BN is 
also observed from the system based on the TEM study. Compared to the growth with Fe-Ga alloy, 
h-BN films from pure gallium with borazine as the source is demonstrated to be not only with high 
crystallinity but also with much high continuity. Growth at low temperature is also possible, and 
the crystallinity of the film will increase with higher growth temperature. Carbon contamination is 
also observed in the film, but fortunately the contamination is limited to small domains. Results 
show that the growth with pure gallium is not sensitive to the change of borazine flow rate or the 
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growth time. The growth at the interface is further demonstrated to proceed by epitaxy. A possible 
growth mechanism is suggested, which agrees well with the results. Though the synthesized h-BN 
films show high quality, resistive switching devices based on the epitaxial h-BN films turn out to 
have low on/off ratio, requiring that optimization to the device performance is needed. Other 
electrical measurements such as breakdown voltage measurement can be used as a better way to 
indicate the h-BN quality, which is not finished at this moment. Anyway, the epitaxial films with 
high crystallinity show potential application in next-generation ultrathin electronics.  
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Chapter 6 Synthesis by annealing in NH3 

 

Work presented in this chapter is based on the hypothesis that h-BN films can be synthesized by 
direct nitridation to the boron atoms from boron-metal alloys. 
 
6.1 Methods 
Materials 
Here a boron-containing alloy Fe40Ni38Mo4B18 (Product number: FE830250, thickness: 0.025mm, 
Goodfellow) was used as the source for h-BN synthesis. The alloy has an amorphous structure, and 
for this reason it is also called metallic glass,182, 183 which is achieved by ultrafast cooling at ca. 
106 °C/s. 
 
Synthesis 
The h-BN films were synthesized in a customized Aixtron BM3 cold-wall reactor (base pressure 
2×10-6 mBar). CVD growth was performed by annealing in NH3. More specifically, before loading 
into the CVD chamber, samples were cleaned by hot acetone and IPA, then the samples were 
heated in 5 sccm NH3 at 100 °C/min to 500 °C, then at 50 °C/min to 960 °C. After growth, the heater 
was turned off, and the samples were cooled in 5 sccm NH3. Based on the exact experiments, the 
growth temperature was changed between 550 °C to 960 °C, and the pressure was varied between 
10-2 mbar and 0.6 mbar. Note that samples shown later in Figure 6.4, Figure 6.5 , Figure 6.7, and 
the sample used for TEM study were grown with the  pressure of ca. 8 × 10-3 bar in 5 sccm NH3, 
while other samples shown were grown with the pressure of ca. 0.3 mbar in 5 sccm NH3.  
 
Transfer  
h-BN films from metallic glass were transferred onto SiO2 (90 nm)/Si using the bubbling transfer 
method, details can be seen in section 3.1.2 Transfer. 
 
Characterization 
Scanning electron microscopy (SEM, Zeiss Sigma VP, 5 KV) was used to study morphology of the 
samples before and after annealing. Optical images were acquired by using Nikon Eclipse ME600L 
microscope. Raman spectra were measured using a Renishaw Raman inVia microscope with a 50× 
object lens and a 532 nm laser source for excitation. Composition information was obtained using 
X-ray Photoelectron spectroscopy (XPS, ThermoScientific K-alpha XPS) measurements with a spot 
size of 400 μm and a spectral resolution of 50 meV. Depth profile measurements were also 
developed to acquire the composition information at different thickness. For each etching cycle, 
the ion energy was limited to 1 keV, and the etching time was set to 6 seconds. During all the XPS 
measurements, a flood gun was used to neutralize the charges accumulated on the sample surface. 
Atomic force microscopy (AFM, Veeco Dimension 3100, tapping mode) was used to study the 
morphology of h-BN films after transfer. Some of the h-BN films were baked on a hot plate at ca. 
400 °C for 60-120 min to remove polymer residues. 
 
6.2 Results  
6.2.1 Metallic glass before growth 
Figure 6.1a and b show the SEM images of the foil before NH3 annealing. Within a small area, the 
surface of the foil turns out to be quite smooth and uniform. However, within a larger area, some 
variations can be easily observed. This change of the surface happens in a smooth and continuous 
way, and no abrupt change is detected, which makes the foil still suitable as a substrate for h-BN 
growth. AFM characterization was also performed to quantify the surface roughness (Figure 6.1c). 
For a 10 μm×10 μm scanning area, the roughness of root-mean-square was calculated to be 1.19 
nm. Based on the AFM image, there seems to be particles everywhere. The particles could be 
boron that precipitated during the ultra-fast cooling process.   
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Figure 6.1: SEM (a-b) and AFM (c) images of the metallic glass before annealing.  Metallic glass 
shows low surface roughness before annealing. Scale bars, (a) 1 μm; (b) 20 μm; (c) 2 um. 
 
6.2.2 Recrystallization of metallic glass 
Due to the ultrafast cooling process, metallic glass normally has an amorphous structure, which is 
only stable under a specific temperature called as glass transition temperature (Tg) determined by 
its specific composition. Once the foil is annealed at the temperature above the crystallization 
temperature (Tx), grain growth can be detected.184, 185 For the growth of h-BN films, this 
crystallization process is not preferred as it will roughen the surface of the foils and consequently 
deteriorate the quality of h-BN films. For example, h-BN films from this kind of foil may have large 
surface roughness. Moreover, some strain within the film can be developed. 
 
In order to know more about this crystallization process, Fe40Ni38Mo4B18 foils were annealed for 
20 min in NH3 at different temperatures with all the other parameters unchanged, and SEM was 
used to study the morphology as shown in Figure 6.2. After annealing at 560 °C, lots of particles 
are observed on the surface in Figure 6.2f. The amount of particles will increase with increasing 
temperature (Figure 6.2e). When the annealing temperature is around 860 °C (Figure 6.2c), the 
number of the particles from the surface decreases while the size of crystallized grains increases a 
lot compared to those annealed at 660 °C and 760 °C , and it is possible to see the domains more 
clearly from the SEM images.  
 
There is a possibility that the particles are boron that precipitate from the foil during annealing as 
within this temperature range, the theoretical solubility of boron in the foil is much lower.78, 184 On 
the other hand, there should be more particles after annealing at 860 °C theoretically since the 
diffusion of boron will be much faster with increased temperature while the solubility of boron in 
iron and nickel will not change much below 1000 °C. Surprisingly, we do not see more particles on 
the surface but larger sized grains (Figure 6.2c). So we suggest that these particles are crystallized 
metal grains but not boron. 
 
When the annealing temperature is further improved (960 °C), metal grains in the size of 1 μm 
(Figure 6.2a and b, in gray color) can be observed on the surface. Interestingly, there are also 
sphere-like particles (in brighter color) crystallized in the grain boundary region. These particles all 
have a smaller size compared to the μm-sized metal grains. Based on the information mentioned 
above, it is possible to speculate how the white particles came into existence. Here is one of the 
possible scenarios: during the annealing process, the foils get crystallized. At the same time, some 
new phase with a eutectic composition, which has a lower melting point compared to the 
crystallized metal domains, is formed. This liquid slowly diffuses through the grain boundaries and 
then solidifies on the surface during the cooling process. 
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Figure 6.2: SEM images of foils annealed at different temperatures (captured by a secondary 
electrons detector). With increasing annealing temperature, the surface of metallic glass 
becomes rough with particles (c-f), and crystallized grains can be noticed in (a) and (b). Scale 
bars are 1 μm.  
 
It should be noted that h-BN layers synthesized on top of the foil after the annealing process 
cannot be directly detected by SEM in this case. The h-BN films can be visualized by optical 
microscopy after transferring onto SiO2. More results concerning the transfer will be discussed 
later.  
 
6.2.3 Temperature barrier for h-BN growth 
In order to find out the temperature needed for h-BN growth, XPS was used to detect the 
composition change after the annealing at different temperatures. In Figure 6.3, it shows the B1s 
and N1s spectra of foils annealed for 20 min in NH3. A sample that has not been annealed was used 
as the reference. 
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Figure 6.3: B1s (a) and N1s (b) spectra of foils annealed at different temperatures. Annealing 
temperatures are indicated in the figure, and no annealing was performed with the reference 
samples. 
 
As shown in Figure 6.3a, before annealing, in the reference sample a broad peak at ca. 191.8 eV 
can be detected, which can be ascribed to boron oxide.53 This oxidation could happen during the 
long time storage in air as boron has high affinity to oxygen.134 When the foil is annealed at 560 °C, 
the broad peak can still be observed. However, when the annealing temperature is increased to 
660 °C, the peak position shifts to ca. 190.6 eV, and this peak position agrees well with binding 
energy B-N bonds in h-BN,53 which means that the nitridation reaction begins to happen around 
ca. 660 °C. It should be noted that it is still a very broad peak, and boron oxides still exist on the 
surface. By further increasing the temperature to 760 °C, the spectrum is very similar to that of 
the sample annealed at 660 °C. However, when the temperature goes to 860 °C, the peak at 190.6 
eV becomes much sharp, which means that more boron or boron oxides react with NH3 forming 
B-N bonds. Besides, it is still possible to see a flat shoulder at ca. 191.0 eV, so this nitridation 
process is not thoroughly completed. Even by increasing the temperature to 960 °C, the small 
shoulder will still exist.  
 
There is not much nitrogen in the foils before annealing, so no peak can be found in the spectrum 
from the reference sample as shown in Figure 6.3b. Interestingly, at 560 °C, a very broad peak at 
ca. 398.2 eV can already be probed, and this peak position is usually explained by the formation of 
N-B bonds in h-BN.154 But based on the B1s spectrum from 560 °C, no evident  nitridation reaction 
is detected, so we may conclude that at 560 °C, the  nitridation reaction can only proceed in a very 
small amount beyond the detection limit of XPS, which also means that this is the temperature 
when the h-BN film begin to be synthesized. Once the annealing temperature is further increased, 
sharper peaks can be observed at this position. These results also shows that high temperature 
can facilitate this  nitridation process, though NH3 can already decompose at a temperature as low 
as 500 °C.60 
 
6.2.4 Transfer and Raman spectra 
In order to perform more characterizations, h-BNs film from the foils were transferred onto SiO2 
substrates by bubbling transfer method. The films were then baked on a hot plate at ca. 400 °C for 
two hours to remove PMMA residues. The transferred film shows uniform thickness based on the 
contrast (Figure 6.4a). The AFM image of such film also shows low roughness of 1.9 nm (RMS) 
(Figure 6.4b), and the thickness was determined to be ca. 4.6 nm. However, lots of particles can 
be observed on the surface from the AFM image, which may imply that grain size of the film is in 
the nanometer scale. 
 
The Raman spectrum of the transferred film is also acquired as shown in Figure 6.4c. The peak at 
ca. 1450 cm-1 is the third-order silicon peak, and the peak at ca. 1370 cm-1 corresponds to h-BN.118 
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Besides, a broad peak at ca. 1590 cm-1 can also be detected, which is normally regarded as a sign 
of carbon (G peak) as mentioned in former chapters.166, 167 It should be noted that E2g peak of thick 
h-BN films usually shifts to positions of lower frequencies, and more shifts can be observed with 
increasing thickness.35 Interestingly, the film here is as thick as 4.6 nm, while the E2g peak is at the 
1370 cm-1 position. Possible reasons for this variation could be the strain within the film or the 
poor quality of the layers. 

 
Figure 6.4: Optical images (a, d), AFM images (b, e), and Raman spectra (c, f) of transferred h-BN 
film from un-oxidized (a, b and c) and oxidized (d, e, f) foils. E2g peak at 1372.0 cm-1 and the third-
order silicon peak at 1449.5 cm-1 are shown in (c) and (d). 
 
Carbon contamination is not desired as the dielectric properties of h-BN films will usually be 
deteriorated. It has been reported in literature that by long time annealing in a hydrogen 
atmosphere, carbon atoms in the metal substrates can be removed.186 Unfortunately, the metallic 
glass will go through recrystallization during long-time annealing making the surface rough, which 
is not suitable to be used in our case. While the other method is to use oxygen to scavenge carbon 
atoms in the foil.187 For this purpose, the metallic glass was weakly oxidized by heating under a 
heat gun for 10 seconds from a distance of ca. 2 centimeters at 500 °C before growth. Then the as-
synthesized film was also transferred onto SiO2 for characterization (Figure 6.4d).  
 
Compared to the h-BN film transferred from the foil that was not oxidized before growth, the h-
BN film here from oxidized foil turns out to have larger roughness (2.37nm, RMS) and thickness 
(6.8 nm) based on the scanned AFM image (Figure 6.4e). Besides, some grooves can also be found 
on the surface due to the oxidation. Surprisingly, there is no evident G peak in the Raman spectrum 
(Figure 6.4f). Based on these results, this oxidation process does help to remove carbon 
contamination in the h-BN film, but this process also leads to higher roughness. 
 
6.2.5 Optimization for large scale preparation 
Heating under the heat gun is not a very controllable way for oxidation and it is not suitable for 
scalable synthesis either, so a better process for oxidation needs to be developed. Oxidation to 
the substrates is also demonstrated to be useful to control the nucleation density of graphene 
domains on copper.188 During the synthesis, instead of heating in a reductive atmosphere, such as 
Ar/H2, cooper foils can also be heated up in pure argon or nitrogen without hydrogen. Here, 
residual oxygen and water in the Argon line can provide weak oxidation of the copper foil during 
heating. Then hydrogen and carbon precursor can be switched on to start the synthesis. The 
oxidation method could also be used here for h-BN synthesis. 
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For the synthesis, two pieces of foils, one oxidized and the other not, were loaded in the chamber. 
Then the foils were heated up to 960 °C under argon (6 sccm) atmosphere in ca. 15 min, then argon 
was switched off and ammonia (5 sccm) was switched on to begin the synthesis. Figure 6.5a and c 
show the optical images of h-BN films after transfer from the un-oxidized foil and pre-oxidized foil, 
respectively, and all the films show high homogeneity based on the contrast. 
 
Raman spectroscopy provides a direct way to examine if the annealing in argon can help to remove 
carbon. Figure 6.5b and d show the Raman spectra of related samples. Interestingly, no evident 
carbon peaks are detected in the two spectra. So this heating process in Ar does help to eliminate 
carbon contaminants. Besides, the E2g peak in Figure 6.5d shifts to ca. 1370 cm-1, which may be 
explained by its higher thickness as indicated by the contrast difference. Moreover, if this carbon-
scavenging process also works by pre-oxidation to the foil, then the foil that had been oxidized 
already by the heat gun was oxidized again during the annealing. This excessive oxidation may lead 
to the increased FWHM as indicated in Figure 6.5b and d. 
 

 
Figure 6.5: Optical images (a, c) and related Raman spectra (b, d) of transferred h-BN from un-
oxidized (a, b) and oxidized (c, d) foils. 
 
h-BN films with large areas were also prepared using this method by weak oxidation in argon 
followed by annealing in NH3. Figure 6.6a shows the optical image of annealed metallic glass with 
h-BN film on top. The size of 2 cm x 2 cm can be further enlarged and will only be limited by the 
size of the CVD chamber. Figure 6.6b displays the optical image of h-BN film after transfer, which 
turns out to be very uniform as indicated by the contrast.  



 80 

 
Figure 6.6: (a) Optical image of metallic glass after annealing with h-BN on top in a large area. 
(b) Optical image of transferred h-BN on SiO2. A scratch (see red arrow) was made to show the 
contrast difference. 
 
6.2.6 Growth by precipitation 
Due to the solubility of boron and nitrogen in iron and nickel, the growth here may proceed by a 
precipitation mechanism.78 To test the hypothesis, samples after annealing were cooled down with 
different rates. Figure 6.7a shows the growth process for each experiment. To be more specific, 
the samples were heated up in Ar (50 sccm) to 960 °C. Then NH3 was turned on for 20 min to start 
the growth. After growth, NH3 was turned off again and the samples were cooled down at 200 °C/ 
min, 20 °C /min and 8 °C /min to 800 °C, respectively, then the heater was turned off directly. In 
this series of experiments, NH3 was only injected during the defined stage for growth, and no more 
growth due to NH3 feeding was expected to happen during the cooling process, so it is possible to 
study the exact thickness change caused by different cooling rates. After growth, all the samples 
were transferred onto SiO2, and AFM was used to determine the related thickness. 
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Figure 6.7: (a) A schematic illustration of the reaction process with different cooling rates. (b-d) 
AFM images of transferred h-BN film from foils with different cooling rates at (b) 200 °C/min , (c) 
20 °C/min and (d) 8 °C/min. 
 
Table 1. Thickness and roughness of transferred h-BN film with different cooling rates. 

Experiments 200 °C /min 20 °C/min 8 °C/min 

Thickness (nm) 5.7 5.1 6.2 

Roughness (nm) 2.18 5.36 3.09 

 
Figure 6.7b-d shows the related AFM images. Some particles can be observed on the surface, which 
could be PMMA residues, and these particles will lead to an increase in the surface roughness. 
Table 1 shows the related thickness of the films at different cooling rates. Interestingly, these films 
show similar thickness, and there is not an evident trend in the change of thickness. Though the h-
BN film with a cooling rate of 8 °C/min has the highest thickness, this could be caused by 
experimental error as the films have large surface roughness. A better way, such as transmission 
electron microscopy (TEM), may be needed to determine the real thickness. Yet, we are not sure 
whether etching will happen after stopping NH3 flow, which will reduce the thickness of the films. 
Based on these results, we cannot conclude whether precipitation will happen during cooling, but 
what we can say is that even precipitation happens, it will not play an important role in 
determining the final thickness of the films. Note that these experiments were performed at 960 °C, 
which is not a very high temperature compared to those experiments when precipitation normally 
happens.78 So it is possible that the precipitation will play a more and more important role when 
the reaction goes to higher temperature. 
 
6.2.7 Self-limited growth 
In order to find out how the thickness of the film will change with growth time, foils were annealed 
in NH3 for 20 min, 40 min and 60 min, respectively. After growth, the films were transferred onto 
SiO2 and baked on a hot plate at 400 °C for 2 hours to remove PMMA residues. Then AFM was 
used to probe the surface morphology, and Raman spectra were also acquired as shown in Figure 
6.8. The related thickness and surface roughness were also extracted which are listed in Table 2. 
Surprisingly all these films show similar thickness of ca. 12 nm, though there is some divergence 
which could be caused by the surface roughness. These results mean that the reaction actually 
stopped at/before 20 min or proceeded with a very low rate then as no evident thickness increased 
during later annealing process.  
 
For our annealing experiments, while there were no observable changes in the film thickness with 
increased growth time, the BN crystallinity appears to improve with longer growth times as seen 
from Raman spectra. Here Raman spectra were acquired from the h-BN films with different growth 
time, then results, such as peak position, FWHM, area ratios between E2g Peak and the Si peak, 
were obtained after Voigt fitting as shown in Table 2. As the growth time increases, FWHM of the 
films may decrease a little bit but then just remains unchanged at ca. 29 cm-1. An evident change 
after annealing could be the alteration of the peak ratios, which increased from 0.94 to 1.6 with 
increasing annealing time. As the h-BN thickness remains almost unchanged, so the increase of 
the ratios could be explained by the improvement of crystallinity. It should be noted that E2g peaks 
of the films also shifted to higher positions, which could be due to the strain developed during the 
annealing as the metal films will be more crystallized making huge changes to the surface 
morphology. Besides, our annealing process was performed at ca. 960 °C, if the annealing 
temperature could be further increased, we could expect great improvements in the crystallinity. 
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Figure 6.8: AFM images and related Raman spectra of transferred h-BN films grown for 20 min 
(a, b), 40 min (c, d) and 60 min (e, f). Insets in each Raman spectra were E2g and silicon peaks 
fitted by Voigt function, corresponding peak information was summarized in Table 2. 
 
Table 2. A list of parameters extracted from AFM images and Raman spectra with samples 
annealed for different times. 

Experiments 20 min 40 min 60 min 

Thickness (nm) 11.91±0.99 12.07±0.88 11.93±0.94 

Roughness (nm) 5.85 4.15 4.3 

h-BN peak position (cm-1) 1371.4 1374.1 1374.3 

Si peak position (cm-1) 1447.8 1448.5 1447.4 

FWHM of h-BN peak 33.6 29.4 29.6 

Area ratio (h-BN : Si peak) 0.94:1 1.3:1 1.6:1 
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To further test if the thickness will change with growth temperature, the foils were also annealed 
at lower temperatures at 910 °C and 860 °C. The h-BN films were transferred onto SiO2, and 
corresponding AFM images are shown in Figure 6.9a and b, where the thickness was confirmed to 
be 12.46±0.71 nm and 11.76±0.92 nm for h-BN samples grown at 910 °C and 860 °C, respectively. 
The thickness still agrees well with former results of ca. 12 nm. Thickness of h-BN films from 
different experiments is also summarized in Figure 6.9c, from which the thickness change can be 
noticed in a more direct way. It is clearly shown that these annealing experiments produce h-BN 
films with similar thickness of ca. 12 nm. 

 
Figure 6.9: (a) and (b) show the AFM images of h-BN film from samples annealed at 910 °C and 
860 °C, respectively. (c) A summary of the thickness of h-BN films prepared under different 
recipes. 

 
6.2.8 Carbon and oxygen contamination to the film: an XPS study 
As mentioned in the former section, some of the h-BN films are contaminated by carbon. Here XPS 
was used to find out more about the composition of the h-BN films. For the depth profile 
measurements, h-BN films were etched slowly by argon ions, and a flood gun was also used to 
neutralize accumulated charges. For the analysis, carbon position at 284.45 eV was used to 
calibrate the related peak positions.  
 
Figure 6.10 shows the XPS-depth profile of the foil after growth at 960 °C for 40 min. All the spectra 
are displayed in a stacked mode. Here the spectra on the topmost (the red curves) are from the 
top surface of the sample before etching, and the spectra in the lower part are acquired from the 
surface after etching with the arrows indicating etching orders.  
 
Figure 6.10a shows the B1s spectra of the film. Before etching, the peak at 190.6 eV agrees well 
with the B-N bonding energy of h-BN. After removing the top layer, however, the peaks shift to 
another position at 191.8 eV, which is attributed to the boron oxide.42 As more and more layers 
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from the top surface are removed, a new peak at 188.5 eV is observed which means the existence 
of elemental boron that most probably comes from foil.189 For the N1s spectra, similar alternation 
of the composition along with thickness can also be noticed. The peak at 398.2 eV means the 
formation of N-B bonds in h-BN. Then after the first cycle of etching, the peak shifts to ca. 399.1 
eV which shows that oxygen is doped with the film (such as N-B-O bonds).53, 190 After more layers 
are removed, peaks at ca. 394.5 eV can be detected, which are attributed to the nitrogen dissolved 
in the metal foil (N-N bonds).191 

 
Figure 6.10: XPS depth profile of h-BN films (before transfer) on foil annealed at 960 °C. B1s, N1s, 
C1s and O1s spectra are shown in a, b, c and d, respectively. The arrow in each figure shows the 
etching order.  
 
Figure 6.10c presents a more direct clue of the contamination of carbon. The red curve with the 
sharpest peak originates from the top surface where carbon species from the air normally stays, 
while the carbon composition from the spectra in the lower part is more close to the real 
composition of the film.170 Compared to Raman, XPS shows a much lower detection limit. 
Moreover, in Figure 6.10d, the peaks at ca. 533.3 eV also proves the existence of oxygen 
contamination.170 All these results show that purer h-BN films can only exist on the top surface of 
the foil, while the layers underneath are severely contaminated by oxygen. On the other hand, we 
may also conclude that the h-BN films on the topmost surface inhibited the nitrogen diffusion to 
the layers underneath.  
 
In order to eliminate the possibility that there is boron precipitation in the h-BN layer, h-BN films 
transferred onto SiO2 were also studied by XPS. As shown in Figure 6.11, the etching sequence is 
indicated by the arrow in each spectra. After etching the top layers away, the elemental boron 
peaks at ca. 188.5 eV cannot be detected anymore, however peaks of boron oxide can still be 
detected (Figure 6.11a). Moreover, the nitrogen peaks do not shift too much anymore, and the 
peaks attributed to N-N bonds cannot be probed either (Figure 6.11b). Besides, a much sharper 
oxygen peak can be acquired in the end due to the SiO2 substrate used (Figure 6.11d). Compared 
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to the XPS data from films without transfer, we may conclude that there is no elemental boron 
incorporated into the h-BN films. 

 
Figure 6.11: XPS depth profile of h-BN films after transfer from foil annealed at 960 °C. B1s, N1s, 
C1s and O1s spectra are shown in a, b, c and d, respectively. The arrow in each figure shows the 
etching order. 
 
To check if the carbon and oxygen contamination is from the metal foil, a depth profile study was 
also carried out on such foil without annealing. As shown in Figure 6.12a, even not heated by the 
heat gun, the foil has already been oxidized at the surface as indicated by the peak at ca. 192.0 
eV.53 The oxygen is also indicated by the strong O1s peak shown in Figure 6.12d. Furthermore, 
carbon contamination is mainly detected from the surface, there is not too much carbon inside 
the foil as shown by the flat peaks (Figure 6.12c). Surprisingly, there is some nitrogen inside the 
foil before annealing (Figure 6.12b), which could be incorporated into the foil during the 
manufacturing process. 
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Figure 6.12: XPS depth profile of the foil without annealing, which shows that the surface of the 
foil is oxidized already before annealing, and that there is not too much carbon inside the foil.  
 
6.2.9 TEM study of the h-BN film 
h-BN films were transferred by bubbling transfer onto TEM grids for further study. Figure 6.13a 
shows the bright-field image of h-BN film, from which h-BN domains with the size of ca. 250 nm 
can be noticed as indicated by the red arrows. The small domains show non-uniform contrast, 
which could be caused by the thickness difference. Figure 6.13b shows a bright-field image in 
higher magnification, and the layered structure can be observed as denoted by the blue arrows in 
the image. The results suggest that the h-BN films from metallic glass have nanocrystalline 
structure with small grain size.  
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Figure 6.13: Bright field images of h-BN transferred onto TEM grids with different magnification. 
h-BN domains with nanosized grains are indicated by red arrows in (a). The layered structure of 
the film is shown in (b) denoted by blue arrows. Scale bars, (a) 50 nm and (b) 20 nm.  
 
5.2.10 Resistive switching devices 
 

 
Figure 6.14: Resistive switching behavior of h-BN film sandwiched by Au and Ti/Au. High 
Resistance State (HRS) and Low Resistance State (LRS) are shown in the image. 
 
As an example of the possible application, a crossbar array of metal-insulator-metal structures 
were fabricated to explore the resistive switching behavior of h-BN. The h-BN films were 
sandwiched by Au and Ti/Au as the electrodes with the lateral size of ca. 5 × 5 μm2. Current of the 
devices were collected under different voltages within -2V to 2V with scan rate of 0.2 V/s, and a 
typical I-V curve is shown in Figure 6.14. The device shows bipolar behavior of resistive switching, 
which is quite similar to the results shown in Figure 5.20.109 The on/off ratio is calculated to be in 
the range of 10-100. It can be noticed that, even the device is in the HRS region, the leak current 
is in the range of 10-6 A, which means the device cannot be completely turned off. At the LHS 
region, the current is detected to be slightly over 10-5 A, which means the devices cannot be 
completely turned on. An optimization to the device is on the way, and a study of how the oxygen 
and carbon contamination will influence the device performance is also needed.  
 
6.3 Discussion 
6.3.1 Sources of carbon and oxygen contamination  
Based on the results from XPS and Raman, it can be concluded that the h-BN films synthesized are 
contaminated by carbon and oxygen. Further XPS study shows that the metallic glass does not 
contain much carbon (Figure 6.12c), which highly suggests that the carbon contamination is from 
the later annealing process. One possible reason could be the graphite heater used in the furnace, 
which could release carbon species at high temperature. The XPS data reveals that there is oxygen 
contamination on the foil surface already (Figure 6.12d), however, in order to remove the carbon 
contamination, further oxidation is performed. Annealing in NH3 is possible to remove the oxygen 
species as indicated by Figure 6.10a, however, the continuous h-BN film on top surface will work 
as a barrier for nitrogen atoms to diffuse and thus the oxygen contaminants underneath cannot 
be effectively removed. We suggest that by the metallic glass with higher purity in a quartz tube, 
oxidation to the foils can be avoided, and the synthesized h-BN films may show much higher purity 
with less carbon and oxygen contamination. 
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6.3.2 Possible mechanisms for h-BN growth 
It has been reported that various TMDs can be easily synthesized by using related binary alloys by 
annealing.58 During such a process, desired metal atoms will diffuse to the metal surface and react 
with the precursors in the gas phase to form TMDs. h-BN films here are expected to be synthesized 
in a similar way that boron atoms in the foil will diffuse to the surface to react with NH3 forming 
B-N bonds. However, based on the XPS study on the foil without annealing, there is already lots of 
oxygen on the surface as boron oxide can be detected. Even after annealing for 40 min, some of 
the boron oxide can still be detected under the h-BN film. There is a possibility that boron will react 
with oxygen first, then after nitridation in NH3, the h-BN films can be obtained.192 Yet, we cannot 
exclude that boron may react with NH3 directly. Some theoretical calculations may be needed to 
clarify the mechanism for the synthesis. 
 
For the self-limited growth, we suggest that once the h-BN film on top of the foil is thick enough, 
then nitrogen atoms may not effective diffuse through the film (mass transport-limited) to react 
with boron atoms or boron oxide as discussed before, so the reaction will be stopped automatically 
based on the thickness. The self-limited growth process also explains why the films show high 
homogeneity. Besides, films with other thickness were also shown in Figure 6.4, Figure 6.5 and 
Figure 6.7, which were grown under lower pressure of ca. 8 × 10-3 bar in 5 sccm NH3. These films 
might not have the limited thickness of ca. 12 nm as the growth had not been terminated by the 
thickness yet due to lower growth rates under low NH3 partial pressure. We can expect the films 
show a similar thickness of ca. 12 after annealing the foils for longer time.  
 
6. 4 Conclusion 
h-BN films as thick as 12 nm can be synthesized by annealing boron-containing metallic glass in 
NH3. Due to a self-limited growth process, the as-synthesized films show very high uniformity in 
thickness. However, the films are contaminated by carbon and oxygen as indicated by XPS study. 
Weak oxidation to the foil before annealing can help to remove the carbon impurities in the h-BN 
film, however, oxygen cannot be removed effectively. Raman spectra of the films show E2g peaks 
at higher frequencies, which could be due to the strain developed during annealing as the metallic 
glass will go through surface recrystallization. Besides, long time annealing seems to help to 
improve the crystallinity of the film. XPS was used to explore the possible origins of the carbon and 
oxygen contamination, which could be avoided by using high-purity metal foils and a clean furnace. 
Possible reaction mechanisms are talked about, and more theoretical calculation may be needed 
to clarify this process. Further optimization to the synthesis is still needed. This synthesis method 
shows the potential for large area synthesis with low cost, and the synthesized film may be used 
for graphene devices and for resistive switching applications. 
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Chapter 7 Conclusion and outlook 
 
7.1 Conclusion 
The main goal of the work is to synthesize h-BN multilayers with high crystallinity and low 
roughness on large scale, and three different methods were developed based on the hypotheses. 
Results have shown that: 
1 h-BN multilayers can partially replicate the low roughness of sapphire, and h-BN films can 
present low roughness after the flipped transfer.  
2 h-BN films with high crystallinity can easily be synthesized at the gallium-sapphire interface 
assisted by a diffusion process.  
3 Boron atoms from related alloys can be used for the synthesis of h-BN films by direct nitridation 
on large scale.  
 
To be more specific, h-BN films can be directly deposited on sapphire with desired thickness, and 
the crystallinity of such films can be optimized by high temperature annealing, which also helps to 
smoothen the wrinkles of the films after transfer, though with decreased coverage. h-BN films with 
low roughness can be obtained by a flipped transfer method to expose the bottom h-BN surface 
templated by sapphire, which shows low roughness that is almost 3 times smaller to that of the 
top surface. Though some small cracks were also observed, these can be avoided by a more precise 
control to the transfer process. 
 
For the growth of h-BN multilayers at the pure gallium-sapphire interface, h-BN films as thick as 6 
nm can be synthesized with high crystallinity. Results also show that the growth proceeds by 
epitaxy. Some carbon contamination is observed in the film, but is limited to small regions. Growth 
at low temperatures below 1000 °C is also possible, but the films have decreased crystallinity. A 
growth model is also proposed to describe the growth process based on results from growth. 
Growth of h-BN at the Fe-Ga-sapphire interface is also possible with h-BN bulk as the source 
material at high temperature of 1300 °C. The domains show even higher crystallinity compared to 
those from pure gallium according to the FWHM results. The domains show much higher thickness 
though with less coverage. 
 
The growth with metallic glass demonstrated an easy method for h-BN preparation on a large scale 
by simply annealing boron containing alloys in ammonia with low cost. Interestingly, the films 
show a self-limited thickness of ca. 12 nm. Weak carbon contamination is also observed in the film, 
which can be removed by an oxidation process before annealing. The films did not show 
comparable crystallinity to those prepared directly on sapphire, but the quality can be further 
improved by post-annealing. 
 
The method developed here enables the preparation of thick h-BN films with low roughness in an 
easy and direct way, and no tedious recipe optimization for growth is needed for such smooth 
surfaces. The method developed here provides an effective way to synthesize highly crystallized 
h-BN multilayers by epitaxy at relatively low temperature, and this growth system has not been 
proposed before. The method developed here proposes a simple way to synthesize uniform h-BN 
multilayers, which is quite suitable for the large scale production with very low cost by using the 
commercially available metallic glass. The methods developed here will be a big step further 
towards the practical applications of h-BN films. 
 
7.2 Outlook 
Different methods were developed to synthesize highly crystallized h-BN films, however, there is 
still large room left to further optimize the growth of h-BN films with better characteristics. Besides, 
some of the methods developed here may be utilized to synthesize h-BN/graphene/h-BN and 
other h-BN related heterostructures with clean interface.193, 194 Some of the possible experiments 
are discussed as below. 
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7.2.1 Large area growth of h-BN with pure gallium 
Though high quality h-BN films can be obtained under gallium, currently size of the films is quite 
limited as determined by the size of gallium. Theoretically large size h-BN can be synthesized by 
using a large amount of gallium, however, gallium cannot wet sapphire surface, which will form a 
ball-like shape on sapphire. Only by solving or avoiding the problem of poor wettability of gallium 
on sapphire can the synthesis of large scale h-BN film be possible. We propose that there could be 
two solutions for this. 
 
Solution 1 porous ceramics as hosting material for gallium 
Similar to that sponge can be used to adsorb water, ceramics with high porosity, such as porous 
Al2O3, could be used as hosting material for gallium. By placing porous ceramics on sapphire and 
then filing the porosity with gallium, gallium may wet the sapphire surface under ceramics-covered 
regions. h-BN may also be synthesized on the surface of porous ceramics, but we can still obtain 
h-BN films on sapphire at the same time. 
 
Solution 2 Sapphire on top of gallium 
In our method, we dropped gallium on top of sapphire, and in this case a very limited area of 
sapphire will be covered by gallium. However, if we drop sapphire on top of gallium which is filled 
into a large container, then a near flat surface of gallium can be obtained and may form nice 
contact with sapphire with or without external force. Note that there should still be enough 
uncovered gallium surface to be exposed to work as the catalyst. 
 
7.2.2 Direct growth of h-BN/graphene/h-BN heterostructures 
As mentioned in former sections, h-BN is widely used as the dielectric substrates and encapsulating 
layer for graphene to improve its device performance, and related structures are normally 
prepared by transfer or stacking. Unfortunately some contaminants such as water and polymer 
residues could be trapped between the layers, which will degrade the performance of devices. In 
order to have clean interfaces between these layers,97 direct growth of h-BN/graphene/h-BN 
heterostructures is highly desired.  
 
Direct growth of graphene on h-BN films could be a challenge due to the lack of catalytic effect on 
h-BN surface. Some researchers have reported the growth of graphene on h-BN films, however, 
the sizes of graphene are quite limited and the quality of graphene will also be degraded due to 
doping/hybridization with heteroatoms and poor crystallinity.195, 196 Moreover, growth of h-BN on 
graphene is another challenge by CVD method as graphene surface does not have catalytic effect 
for h-BN growth though similar growth can be realized by MBE or MOCVD method.197, 198 To realize 
such heterostructures with high quality by direct growth, a suitable catalyst is needed. 
 
It has been proved that graphene can be synthesized on dielectric substrates with pure gallium as 
the catalyst.199 In this case graphene also was obtained at the gallium-dielectrics interface, and the 
growth will not be influenced by the dielectrics used, so theoretically growth of graphene at the 
h-BN-gallium is high possible and h-BN-graphene heterostructures could be synthesized. As 
gallium works as the catalyst for h-BN growth, by switching the carbon source to borazine, then it 
could be possible to have another layer of h-BN film on graphene and eventually h-
BN/graphene/h-BN heterostructures can be synthesized.  
 
Note that some issues still exist which may make the growth of high-quality heterostructures 
difficult to proceed. Firstly, etching to the film on top of gallium. As mentioned in former sections, 
films on top of gallium surface may work as a barrier for mass transport and terminate the growth, 
so in order to grow graphene film on h-BN or vice-versa in a sequential way, an etching process is 
needed. For such purpose, the gas left in the system needs to be removed and filled again with 
clean argon, and after holding for a specific time the film on the gallium surface should be etched 
away. By refilling the system with argon, the problems of hybridization may be avoided as feeding 
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carbon source and h-BN source together will lead to the growth of hybridized film. 
 
Secondly, etching to the film under gallium. For the films on top of gallium surface, it could be 
easily etched away, but there is also a possibility that the synthesized films at the interface under 
gallium be etched away at the same time. A former experiment shows that after pumping the 
system to 1E-1 mbar for 1 min and filling with argon and then annealing for another 8 min, h-BN 
films still exist on sapphire under gallium. h-BN shows high stability at the interface which could 
be protected by the gallium as the local environment of h-BN does change significantly though the 
gas phase has changed a lot. Note that pumping the system to low pressure at 1050 °C will lead to 
severe evaporation of gallium, which will condense again on the quartz surface at the low 
temperature region. The stability of h-BN under gallium makes the growth of graphene on h-BN 
possible, while some more tests are needed to check if graphene at interface also has high stability. 
 
Thirdly, doses of carbon source. Researchers are highly interested in h-BN multilayers, however, if 
graphene films are thick enough its outstanding properties may be lost, so the thickness of 
graphene film between h-BN layers should be well controlled. Some early results showed that the 
growth of graphene under gallium could be multilayer, and it is not clear how much room is left 
for modulating the thickness of graphene.200 Luckily one possible way to terminate the growth is 
by forming continuous film on top gallium surface, so the dose of carbon source need to be well 
controlled in order to have expected thickness. 
 
7.2.3 h-BN growth from boron-containing alloys at liquid state  
Results show that metallic glass will go through crystallization upon heating, which may result in a 
rough surface with grain boundaries. To avoid grain boundaries and have a smooth surface for h-
BN growth, a liquid layer with boron atoms could be an ideal system for nitridation just as the work 
reported by Xie et al. with iron boride where h-BN grows by a VLS mechanism.56 Metallic glass 
normally can easily melt as it is mainly used as welding material, by further raising the temperature 
a liquid state of the metallic glass could be obtained, which makes h-BN growth with metallic glass 
through a similar VLS process possible.  
 
We believe that the methods developed in these chapters will largely promote the synthesis of h-
BN films with excellent quality. Soon will come the era of graphene with h-BN films as the 
complimentary material. 
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