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Abstract 

 

 Hexagonal boron nitride carbon alloys, h-(BN)1-x(C2)x, are layer-structured 

semiconductor materials with a tunable bandgap energy from 0 eV (graphite) to 6.5 eV 

(h-BN), which cover the spectral range from far IR to deep UV. Moreover, it allows to 

tune the electrical conductivity from insulator (h-BN) to semi-metallic (graphite). Despite 

the identical crystalline structure (hexagonal) and excellent in-plane lattice constant 

match between h-BN and graphite, it is very difficult to synthesize the alloy due to the 

difference in bonding energies between the constituent atoms. 

 In this work, thin films of hexagonal boron nitride carbon alloys, h-(BN)1-x(C2)x, 

were grown on sapphire substrates via metal organic chemical vapor deposition 

(MOCVD) growth technique. BN-rich h-(BN)1-x(C2)x alloys have been grown with 

different carbon concentrations. X-ray diffraction (XRD) measurements confirmed the 

hexagonal phase of the alloys. Optical absorption and x-ray photoelectron spectroscopy 

(XPS) measurements were used to determine the bandgap energy (Eg) and carbon 

concentrations, respectively. Bandgap energy (Eg) variation with carbon concentration in 

the deep UV spectral range has been demonstrated. Experimental results suggest that the 

critical carbon concentration (xc) to form the homogenous BN-rich h-(BN)1-x(C2)x alloys 

is about 3.2% at a growth temperature of 1300 
0
C. 

 C-rich h-(BN)1-x(C2)x alloys with both p- and n-type conductivity have been 

obtained via controlling the V/III ratio during MOCVD growth. Electrical transport and 

Raman spectroscopy measurements were used to study the bandgap opening in the C-rich 

h-(BN)C alloys. Our experimental results revealed evidences that the critical BN 
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concentration,  xBN, to open a small bandgap in graphite or to form h-(BN)C homogenous 

alloy in the C-rich side is ~ 5.0% at a growth temperature of 1300 
0
C. Thus, h-(BN)1-

x(C2)x alloys with x ≤ 0.032 (BN-rich alloys) and x ≥ 0.950 (C-rich alloys) have been 

realized at our current growth conditions. Furthermore, an enhancement of approximately 

15 orders of magnitude in the electrical conductivity has been attained by increasing the 

carbon concentration (x) from 0 (h-BN) to 1 (graphite).   

 Based on the predicted phase diagram of cubic (BN)1-x(C2)x and the excellent 

matches in the structural and thermal properties of h-BN and graphite, it is expected that 

homogenous h-(BN)1-x(C2)x alloys with higher C concentrations (in the BN-rich side) and 

higher BN concentrations (in the C-rich side) can be achieved and the alloy miscibility 

gap can be reduced or completely removed by increasing the growth temperature. This is 

a huge advantage over the InGaN alloy system in which InN decomposes at high 

temperatures and high growth temperature cannot be utilized to close the mscibility gap. 

Together with our ability for producing high quality h-BN epilayers, h-(BN)1-x(C2)x 

alloys, and quantum wells open up new possibilities for realizing novel 2D optoelectronic 

devices with tunable physical properties.  
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Chapter 1 

Motivation and introduction to h-(BN)C 

 

1.1. Overview of III-nitride materials 

 There have been intense research efforts on III-nitride semiconductors in the past 

decades. This is mainly due to the varying energy bandgaps of III-nitrides (III-Ns) from 

InN (0.7 eV) to GaN (3.5 eV) to AlN (6.2 eV), which covers from deep UV to near IR 

region of the electromagnetic spectrum [1-4]. Progress in the growth and characterization 

of III-Ns in the past few decades resulted in numerous applications such as blue-ray DVD 

for high density optical data storage, high temperature and high power electronic devices, 

full solar spectrum solar cells, photo electrochemical cells (PEC), and thermo-electric 

(TE) energy generation [5-7]. Most importantly, III-N semiconductors have 

revolutionized the lighting industry and created new massive industries in solid-state 

lighting, which have profoundly impacted our daily lives. With these unique properties 

and the availability of both n- and p-type conductivities, commercial products such as 

blue-green light emitting diodes (LEDs) and near-UV laser diodes (LDs) are 

commercially available. However, there are several challenges that III-nitride community 

are still facing, such as: (1) the presence of high defect densities due to the lattice 

mismatch between the substrate and the constituent binary system and (2) highly 

challenging to realize highly conductive p-type doping in In-rich InGaN and Al-rich 

AlGaN. Moreover, it is difficult to realize high quality ternary alloys such as InGaN and 

InAlN with high In contents due to phase separation issue.    
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1.2. Overview of hexagonal boron nitride 

 Among the III-Ns hexagonal boron nitride is least studied and understood. 

Hexagonal boron nitride (h-BN) is a layer-structured semiconductor material with a wide 

bandgap energy (6.5 eV) with excellent thermal, mechanical, and optical properties [8-

14]. The layer structure coupled with its close in-plane lattice match to graphene makes it 

an ideal template and dielectric encapsulating layer for graphene electronics [15,16]. Due 

to its wide bandgap and in plane thermal conductivity, h-BN has been widely used as an 

excellent insulator and thermal conductor. Some of the basic parameters of h-BN are 

listed in Table 1-1. 

 

Table 1-1. Summary of the basic parameters of h-BN [17]. 

Basic parameters of h-BN 

 

Crystal structure                        Hexagonal 

Density                             2.18 g.cm
-3

 

Lattice constant (a)                        2.5 Å  

Lattice constant (c)                        6.66 Å 

Bulk modulus                          36.5 GPa 

Electron affinity                        -4.5 eV

              Refractive index, n                       1.65 

Thermal conductivity (k11)                 0.3 W.cm
-1

.
0
C

-1
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 Hexagonal boron nitride has a honeycomb lattice structure, where a boron atom is 

always stacked on top of a nitrogen atom and vice versa (called a AA stacking) as shown 

in Fig. 1-1.    

 
 

Figure 1-1. Schematic of the layer structure of h-BN depicting the stacking of B and N 

atoms [17]. 

 Our group has successfully synthesized high crystalline quality hexagonal boron 

nitride epilayers on sapphire substrate grown by MOCVD [18-20]. Hexagonal boron 

nitride is a potential candidate to overcome some of the challenges faced by the 

traditional III-Ns [21]. Moreover, hexagonal boron nitride is a promising material for 

neutron detection due to the large neutron capture cross section of B
10

 [22-24]. During 

the course of this thesis work, we have also demonstrated that the use of high crystalline 
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quality hexagonal boron nitride epilayer templates is necessary for the successful growth 

of hexagonal boron nitride carbon semiconductor alloys.   

1.3. Overview of graphene and graphite 

 Graphene, in a hexagonal arrangement of sp
2
 bonded carbon atoms, is a two-

dimensional material, only one atom thick. After the first observation of isolated 

graphene prepared by the mechanical exfoliation of graphite [25], it has attracted 

significant attention because of its unique electrical [26], optical [27], and mechanical 

properties [28]. Within just a few years of its discovery, graphene has demonstrated a 

great potential for next-generation electronics, sensing, and energy applications [29,30]. 

Figure 1-2 shows the schematic of a single layer graphene. 

            
 

Figure 1-2. Schematic of the single layer graphene consisting of sp
2
 bonded C-C bonds. 
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On the other hand, graphite has a planar, layered structure; each layer being made up of 

carbon atoms linked together in a hexagonal lattice (graphene). These links, or covalent 

bonds as they are more technically known, are extremely strong, and the carbon atoms 

are separated by only 0.142 nanometres. The carbon atoms are linked together by very 

sturdy sp
2
 hybridized bonds in a single layer of atoms, two dimensionally. Each 

individual, two dimensional, one atom thick layer of sp
2
 bonded carbon atoms in graphite 

is separated by 0.335nm. 

1.4. 2D materials beyond graphene 

 Following the isolation of graphene [25], intensive research work is being 

undertaken worldwide on graphene and in the areas beyond graphene [31]. Although 

graphene has very high carrier mobility along with a multiple of other fascinating 

properties, the prospects of graphene for practical electronic and photonic device 

applications seem to be diminishing in the research community. This could be due to the 

zero bandgap of graphene among many others. However, significant strides are being 

undertaken for 2D materials beyond graphene, particularly for non-zero bandgap 

semiconductor materials. It has been reported that more than 500 layered materials are 

discovered till date and many of them are semiconducting [32]. Post graphene 2D 

materials with non-zero energy bandgaps such as 2D metal chalcogenides (2D TMDs) 

such as MoS2, WS2, TiSe2 etc [33-35], II-VI semiconductors such as ZnS, ZnSe, and 

ZnTe [36], X-enes (stanene, phosphorene [37] etc.), X-anes (graphane, silicane, 

germanane [38] have particularly drawn attention due to their fascinating properties and 
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promise for technological applications including field-effect transistors, spin- and valley-

tronics, thermoelectrics, and topological insulators. 

1.5. Overview of hexagonal boron nitride carbon alloys 

Both h-BN and graphite have identical crystalline structure (hexagonal)  and 

excellent in-plane lattice constant match (agraphite = 2.46 Å and ah-BN = 2.50 Å, cgraphite = 

6.70 Å, and ch-BN = 6.66 Å), rendering only ~ 1.5% lattice mismatch between h-BN and 

graphite. The similarity between h-BN and graphite provides an ideal platform to 

synthesize hexagonal boron nitride carbon alloys, h-(BN)1-x(C2)x alloys. The (BN)1-x(C2)x 

alloy system also holds the advantages of similar thermal expansion coefficients and 

melting temperatures (~ 3000 
0
C for h-BN [39] and ~ 3500-4500 

0
C for graphite [40]) 

throughout whole composition range [41]. Figure 1-3 shows the schematics of graphite, 

h-BN, and h-(BN)1-x(C2)x. The h-(BN)1-x(C2)x is formed when a B or N atom is replaced 

by C atom in the h-BN lattice or a C atom is replaced by B or N atom in the graphite 

lattice.  
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Figure 1-3. Schematic illustration of crystal structures of graphite, h-BN, and h-(BN)1-

x(C2)x alloys (x0.13). 

 Combining C with B and N atoms could offer different B-N-C layered 

configuration, as illustrated in Fig. 1-4 [42]. The phase diagram of B-N-C is rich in large 

number of layered hexagonal phase compositions because B, N, and C can substitute 

each other and can form various new structures due to their similar atomic parameters. 

Starting with graphene, C-B and C-N binary chemical compounds with different 

stoichiometry, such as BC3, BC2N, and C3N4 can be synthesized. It is anticipated 

theoretically that the electronic structure and bandgap of BNC compound will depend on 

the composition and atomic arrangements of B, N, and C elements in the lattice [43-47]. 

There are several layered hexagonal phases are possible to form in the B-N-C ternary 

system, [48-55] (such as BCN, BC2N, BC4N, BC3, and C3N4), which can be used for a 

range of applications due to their tunable bandgaps [56,57]. 
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Figure 1-4. B-N-C ternary phase diagram. 

The homogeneous h-(BN)1-x(C2)x alloy system can  be of a profound interest for 

photonic device applications. If realized, the alloy system can be used to tune the energy 

bandgap from ~ 6.5 eV (h-BN) to 0 (graphite), covering a spectral range from deep 

ultraviolet to far infrared towards THz. This spectral variation range is even larger than 

that of InAlGaN could reach, where InAlGaN provides tunable bandgaps from ~ 0.64 eV 

(InN) to 3.4 eV (GaN) to 6.1 eV (AlN). Figure 1-5 shows the bandgap energy as a 

function of alloy composition for the h-(BN)1-x(C2)x alloy, expected from the Vegard's 

Law for bandgap energy.        
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Figure 1-5. Bandgap energy and wavelength of h-(BN)1-x(C2)x alloys vs carbon 

concentration (x) expected from semiconductor ternary alloys according to the Vegard's 

Law. The relation   xxbCxEgBNhEgxCBNhEg xx )1()()(1])()([ 21   , 

where the bandgap values of Eg(h-BN) = 6.4 eV and Eg(C) = 0 eV, and the bowing 

parameter of b = 4.8 eV were used [58]. 

 The h-(BN)1-x(C2)x alloy is a unique system from the electrical properties point of 

view. Electrical conductivity of the h-(BN)1-x(C2)x alloys ranges from insulating 

semiconductor (undoped h-BN)  to semimetal (graphite), a perfect percolating system. 

Electrical properties of the h-(BN)1-x(C2)x alloys will be discussed in chapter 5. 
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1.6. Applications of hexagonal boron nitride carbon materials  

 Boron nitride carbon materials are recognized as superhard materials like 

diamond and c-BN, which might be of great interest in many areas including abrasives, 

polishing and cutting tools, and wear-resistant and protective coatings. However, the goal 

of our study in this dissertation is to explore the semiconducting properties of h-(BN)C 

alloys which is suitable for electronic and photonic device applications. 

 Watanabe et al. proposed a light emitting device using BC2N compounds 

synthesized by chemical vapor deposition (CVD) [59]. As schematically shown in Fig. 1-

6, their proposed device has the light emitting layers  consisting of both p- and n-type 

BC2N, which forming a p-n junction sandwiched between two p- and n-type BNC layers 

(having a bandgap energy higher than that of BC2N). According to their work, p-type 

dopant is selected from the group consisting of S and Si, whereas, n-type dopant is 

selected from the group consisting of Zn and Be. 
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Figure 1-6. Possible LED structure based on BNC alloys [59]. 

 Another potential application of the (BN)C materials could be in the ultra-large 

scale integrated circuit (ULSI) devices to suppress the degradation of frequency 

characteristics due to the time delay. Electrically insulating films with dielectric constant 

lower than that of SiO2 ( 4 ) are intensively sought by the electronic industry. Among 

many others, (BN)C thin films with low C concentrations could be a promising material. 

BNC thin films with a dielectric constant as low as 1.9 has been reported [60]. Precise 

controlling of the BNC film structure could enable a further reduction of the dielectric 

constant, while retaining high electrical resistivity. 

 BNC materials with low C concentrations (  20%) have shown field emission 

characteristic as good as c- and h-BN [61]. BNC materials are promising for producing 

cold cathodes with high emission current operation and low electric field, which are very 

important for vacuum microelectronic devices and flat panel displays. However, detail 

understanding of the emission mechanism is required. 
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 Another potential application field of the BNC materials could be explored by 

exploiting their electron spin resonance (ESR) properties. An earlier study has shown that 

C doped boron nitride shows ESR properties [62] which could be applicable to dating, 

radiation dosimetry, and microscopic imaging.               

1.7. Overview of this thesis 

Most of the previous and current research efforts are focused on synthesizing 

BxNyCz ternary system using boron trichloride (BCl3), ammonia borane (NH3BH3), and 

BH3 as a B source, hydrocarbons such as C2H2, CH3CN, (CHN)n, as C source, and N2 and 

NH3 as N source utilizing a variety of chemical reactions and chemical vapor deposition 

methods [63-70] and solid-gas reaction [71] method. It is difficult to control the 

composition using the chemical-reaction method. Most of these works focused on 

studying the material properties paying little attention to the alloying and phase 

separation issue, which is possibly the most critical factor to synthesize h-(BN)C 

materials for photonic device applications.   

The main focus of this thesis work is to demonstrate wafer-scale epitaxial growth 

and characterize h-(BN)1-x(C2)x alloys in the BN-rich and C-rich sides, which could lead 

to important technologically significant electronic and photonic device applications. 

Wafer-scale high crystalline quality h-(BN)1-x(C2)x alloys have not been achieved 

previously and are very important to understand the fundamental properties and explore 

the potential applications of these alloys.  
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Throughout this thesis, an expression of (BN)1-x(C2)x is used to take into 

consideration the fact that C atoms tend to incorporate as C-C (C2) pairs. 

The thesis consists of 7 chapters: chapter 1 is aimed to provide an overview of III-

nitrides and their success and limitations, 2D materials with particular focus on h-BN and 

h-(BN)1-x(C2)x alloys. The opportunities to explore (BN)1-x(C2)x system and possible 

applications are highlighted. Chapter 2 describes the experimental methods used in the 

epitaxial growth of h-(BN)1-x(C2)x alloys and various characterization techniques to 

understand the material properties and alloying such as crystalline quality, surface 

morphology, chemical composition and bonding, electrical, and optical properties. 

Chapter 3 discusses the epitaxial growth of the h-(BN)1-x(C2)x alloys both in the BN-rich 

and C-rich sides. Effects of the substrates and crystalline quality of the h-BN template on 

the h-(BN)1-x(C2)x alloys are discussed. Brief discussion of the effects of MOCVD growth 

parameters on the thin film crystalline quality are made. Chapter 4 presents the studies of 

BN-rich h-(BN)1-x(C2)x alloys with different C compositions. Mechanism of C 

incorporation and critical C concentration to form homogeneous h-(BN)1-x(C2)x alloys are 

studied at our current growth temperature. Chapter 5 presents the results of the electrical 

transport properties and origin of the n-type electrical conductivity of the BN-rich h-

(BN)1-x(C2)x alloys. C-rich h-(BN)1-x(C2)x alloys with different BN compositions are 

studied in chapter 6. Emphasis is on the conductivity control and study the alloy 

properties. Chapter 7 includes general conclusions and possible future research directions 

for the h-(BN)1-x(C2)x alloys and devices.    
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Chapter 2 

Experimental methods 

 

  The experimental methods and tools used are described in this chapter. Metal 

organic chemical vapor deposition (MOCVD) growth method has been described in 

detail. Major characterization tools such as x-ray diffraction (XRD), x-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM), Hall-effect measurement, Raman 

spectroscopy, and UV-Vis optical spectroscopy are also discussed. 

2.1. Metal organic chemical vapor deposition  

 During chemical vapor deposition (CVD) process, two or more materials in a 

gaseous form are introduced into a reaction chamber where they chemically react with 

one another to form a new material deposited on the substrate surface. It is a vapor phase 

epitaxial growth technique. MOCVD is a specialized form of CVD which utilizes 

metalorganic compounds as sources of deposition elements. The metalorganic (or alkyl) 

precursor exists in either liquid or solid form and is stored in an all welded stainless steel 

container, commonly referred to as “bubbler”. A carrier gas passes (or bubbles) through 

this precursor container and carries metalorganic precursor molecules into an epitaxial 

growth chamber; thus, precursors must have adequate vapor pressure for growth. The 

precursor molecules are stable at room temperature but decompose at elevated 

temperatures of the heated substrate to release the constituent elements of the film being 

grown. The basic elements of the growth process include precursor chemistry, 
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thermodynamics, mass transport, hydrodynamics, and the nature and rates of gas phase 

and surface reactions. For the synthesis of III-V nitrides, metalorganic (MO) compounds, 

such as trimethyl-gallium (TMGa), Trimethyl-aluminum, triethylboron (TEB) are used as 

sources for the group-III elements and hydride gases, such as ammonia, for group-V 

elements. Typically, ammonia reacts with the MO compounds in hydrogen or nitrogen 

ambient under appropriate temperature and pressure conditions, producing molecules of 

the required semiconductor material, which then adsorbs on the substrate, producing an 

epitaxial layer. The general reaction to form group III-Nitrides is described by the 

equation 

RHMNNHMR .333                                                                                       (2-1) 

In this equation, R is an alkyl group, for example, methyl (CH3) or ethyl (C2H5) and M 

represents the group III metal such as boron (B), gallium (Ga), or aluminum (Al). For 

example, for h-BN growth following reaction occurs on the substrate surface 

HHCBNNHBHC ..3)( 523352                                                                       (2-2) 

When C3H8 is introduced in the reactor following reaction occurs to form h-(BN)C 

HCBNHCBN  )(83                                                                                       (2-3) 

 The MOCVD reactor used for the epitaxial growth of h-(BN)1-x(C2)x alloys in this 

work is a homebuilt horizontal quartz reactor. Figure 2-1 shows the photograph of the 

MOCVD reactor used in this work [72]. 
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Figure 2-1. The custom-built MOCVD system used for this work [72]. 

The MOCVD system has four main components: control system, gas manifold, 

horizontal quartz reactor, and vacuum and exhaust system. 
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Figure 2-2. Main components of the MOCVD system. 

Solenoid valve backed pneumatic valves and mass flow controllers are used to control 

the flow of the precursor. Two separate gas delivery lines are used in order to suppress 

gas phase pre-reaction between ammonia and the MO sources. Two types of ultra high 

pure (99.999%) carrier gases are available; nitrogen and hydrogen. Separate hydrogen 

purifiers such as Johnson Matthey hydrogen purifier (Pd cell membrane, 400 
0
C) [73] 

and hydrogen gas purifier from Aeronex [74] has been used to purify hydrogen in our 

system. A hydride gas purifier from Aeronex Gatekeeper is used to purify ammonia [75]. 

Ultra-high purity research grade (99.99999%) propane (C3H8) has been used as carbon 

source [76]. The MOCVD reactor is composed of both outer and inner reactors, made 

with clear fused quartz tubes. Substrates are placed on a graphite susceptor coated with 

BN. A 10 kW RF generator (TIG-10/100) from Trumph Huetinger was used for heating 
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the susceptor. Temperature is controlled by Eurotherm temperature controller (Model-

904) and measured by an R-type thermocouple made with platinum-rhodium and 

platinum for positive and negative legs. A high capacity mechanical pump (Pfeiffer 

DUO-350) is used to pump down the system to the desired growth pressure. With the aid 

of a turbo pump, the system can be pumped down to a high vacuum (10
-5

 Torr). A 

throttle valve (MKS-Type-653) is used to adjust the reactor pressure in conjunction with 

the pressure controller (MKS-Type-651C) and the pressure sensor (MKS-Type 722). An 

interferometer (EpiEye-2000) is coupled to the system for in-situ monitoring of surface 

and thickness during growth. The reactor assembly during growth is shown in Fig. 2-2 

[17]. 

 

 
Figure 2-3. Reactor assembly showing the inner and outer reactors during the growth 

[17]. 
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For the growth of h-(BN)1-x(C2)x alloys, blue NH3  (purity: 99.9994%) was used 

as a group-V precursor; triethylboron (TEB) was used as the group-III precursor, and 

propane (C3H8) was used a carbon precursor. Both H2 and N2 gases were used as carrier 

gas for TEB in the BN-rich side and C-rich side alloys, respectively. The TEB source 

was stored in a stainless steel bubbler, immersed into the temperature controlled chiller 

bath, and carried into the reactor by the carrier gas. The chemical reactions occur on the 

quarter or half of the 2″ Al2O3 wafer placed on the BN coated graphite susceptor inside 

the inner reactor. Growth temperature employed for this work is ~ 1300 
0
C.  

2.2. Material characterization techniques 

The crystalline quality, surface morphology, composition and chemical bonding, 

electrical, and optical properties of the h-(BN)C alloys were characterized  using x-ray 

diffraction (XRD), x-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), Van der Pauw Hall-effect measurement, Raman spectroscopy, UV-Vis optical 

absorption, and Fourier transform infrared spectroscopy measurements. The details of 

the major characterization tools and methods are summarized below. 

2.2.1. X-ray photoelectron spectroscopy 

  X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that has 

been widely used due to its ability to provide multitude of information and flexibility in 

addressing a wide variety of samples. It is an indispensable tool for thin film research. 

Over the past few decades, XPS has been developed as the key surface characterization 

technique which combines surface sensitivity with the ability to quantitatively obtain 
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both elemental and chemical state information [77]. Data interpretation and 

standardization has been established through a number of published databases [78-80]. 

XPS analysis gives rise to useful information such as composition, chemical state, and 

thickness etc. of thin films.  

 The principle of XPS is based on the photoelectric effect outlined by Einstein in 

1905 where the concept of the photon was used to describe the ejection of electrons from 

a surface when photons impinge upon it (Fig. 2-4). This process can be expressed by the 

following equation [81]: 

         KEhBE                                                                                                    (2-4) 

where BE is the binding energy of the electron in the atom (a function of the type of atom 

and its environment), h is the photon energy of x-ray source, KE is the kinetic energy of 

the emitted electron that is measured in the XPS spectrometer and ф is the spectrometer 

work function. For XPS, Al Kα (1486.6eV) or Mg Kα (1253.6eV) is often the photon 

energies of choice. The XPS technique is highly surface specific due to the short range of 

the photoelectrons that are exited from the solid. The energy of the photoelectrons 

leaving the sample is determined using an analyzer and this gives a spectrum with a 

series of photoelectron peaks. The binding energy of the peaks are characteristic of each 

element. The peak areas can be used (with appropriate sensitivity factors) to determine 

the composition of the materials surface. The shape of each peak and the binding energy 

can be slightly altered by the chemical state of the emitting atom. Hence XPS can provide 

chemical bonding information as well. 
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Figure 2-4. Principle of XPS showing an electron is ejected from the sample after being 

hit by incoming photon. 

XPS can detect all other elements except hydrogen and helium. Normally, XPS 

can detect electrons emitted from the outermost surface with an accuracy of > 0.1 at.%. 

The actual depth of analysis depends on the analyzer input lens angle with respect to the 

sample surface and the photoelectron transition of a specific material. Figure 2-5 below 

shows the schematic of the analysis depth at different analyzer input lens angle. 

 



                                                       Texas Tech University, Md Rakib Uddin, August 2016  

22 

 

 

 

Figure 2-5. Variation of the analysis depth at different input angles. 

The analysis depth is expressed by the following equation 

 sind                                                                                                             (2-5) 

where   is the inelastic mean free path of photoelectrons and   is the take-off angle 

(angle between the sample surface and analyzer input lens).  

 In this work, XPS has been used extensively to determine the chemical 

composition, identify impurity and defects, chemical bonding analysis, and thickness 

measurement of the h-(BN)1-x(C2)x alloys. The XPS experiments were performed with a 

PHI 5000 VersaProbe ESCA spectrometer (Fig. 2-6) using a focused monochromatic Al 
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Kα )eV  1486.6  ( h  x-ray beam with a typical diameter of 100 µm. In order to 

determine the atomic concentrations in the alloys accurately and to eliminate possible 

surface contamination by impurities from atmosphere before XPS measurements, a 

process of surface cleaning with low energy (500 V) Ar
+
 ion sputtering was used. Initial 

survey scans were performed with a pass energy of 187.85 eV with an energy step of 0.8 

eV, while high resolution tight scans were performed using a pass energy of 23.50 eV at 

an energy step of 0.1 eV. Emitted photoelectrons were detected using a hemispherical 

multi channel analyzer (MCA). The binding energy scales of the samples were referenced 

to the C-C bonding peak at 284.8 eV in order to eliminate the effect of any surface 

charging.  
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Figure 2-6. Photograph of the PHI 5000 VersaProbe XPS system used in this study. 

Atomic compositions were obtained using peak area sensitivity factor method 

[78], which uses the following equation 
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where I is the peak area  and S is the atomic sensitivity factor. Data were analyzed using 

Multipak software package with reference of NIST XPS database. 
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2.2.2. X-Ray diffraction 

  X-ray diffraction (XRD) is an essential tool to determine the crystalline structure 

of materials. In this work, the major purpose of XRD measurements were to determine 

the crystalline structure and identify possible phases in the h-(BN)1-x(C2)x alloys. XRD is 

a fast and non-destructive measurement technique, which was used routinely to provide 

feedback on the crystalline structure of the samples, thus help optimizing growth 

conditions in a timely manner.  

  When x-ray photons are scattered by the atoms in the adjacent crystal planes at a 

specific angle, the scattered beams interfere constructively according to Bragg's law 

   sin2 hkldn                                                                                                     (2-7) 

where   is the wavelength of the incident x-ray beam, hkld  is the lattice plane spacing, 

hkl  are Miller indices,   is the incident angle, and n is the order of reflection. For a 

hexagonal system, hkld  is related with c and a  lattice constants by the following formula 

[82] 
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                                                                              (2-8) 

    The XRD system used in this work is a Rigaku  RINT 2000V/PC series (Fig. 2-7) 

[72] system, which generates x-rays through the heated Cu filament (28 kV, 40 mA) with 

the wavelength of Cu Kα1 ~ 1.54056Å, where Cu Kα2 can be filtered out during the data 

analysis using the software included with the instrument. A scintillator detector is used to 

detect the diffracted x-ray beam from the samples.  
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Figure 2-7. Rigaku RINT 2000V/PC series XRD system used in this study [72]. 

2.2.3. Atomic force microscopy 

 Atomic force microscopy (AFM) is an important tool to study the surface 

morphology and root mean square (RMS) roughness of thin film materials. In this work, 

the major purpose of using AFM was to follow the surface morphology, feature 

dimensions, and RMS roughness of the h-(BN)1-x(C2)x alloys grown under different 

conditions. It was used routinely to provide quick feedback for the growth. AFM 

provides 3D profile of a surface with a nanoscale resolution, by measuring forces 

between a sharp probe (< 10 nm) and a surface at a very short distance (0.2 - 5 nm probe-
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sample separation). There are three distinct modes; contact mode, tapping mode, and 

non-contact mode.  

 A Veeco Dimension 3100 high-resolution scanning probe microscope (SPM) in 

tapping mode was used for imaging the surface of our samples, as shown in Fig. 2-8 [72]. 

Si (N type) tip with a resonant frequency 311 kHz was used for measurements.  

 

 

 

Figure 2-8. Experimental setup of the 3100 SPM system used in this study [72]. 

2.2.4. Van der pauw Hall-effect  

            Van der pauw Hall-effect measurement is a very unique technique to study the 

electrical transport properties of semiconductor materials. It is a versatile characterization 
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technique that can measure resistivity (ρ), carrier concentration and type (n or p), and 

carrier mobility (µ) simultaneously for arbitrary shaped samples. In this work, Hall-effect 

measurement in Van der Pauw configuration was employed to measure the resistivity (ρ), 

carrier concentration and type (n or p), and carrier mobility (µ) of h-(BN)1-x(C2)x alloys 

both in the BN-rich and C-rich sides.  

  The Hall-effect occurs when an electromagnetic field is applied across a biased 

conductor, which produces a potential difference in the plane perpendicular to the 

magnetic field [83], which is schematically shown in Fig. 2-9.  

 

 

 

Figure 2-9. Schematic representation of the Hall-effect. 

The magnitude of Hall voltage is equal to  

qnd

IB
VH                                                                                       (2-9) 
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where I  is the applied current, B is the applied magnetic field intensity,  d  is the 

sample thickness, and )106.1( 19Cxq   is the elementary charge. Carrier density is thus 

obtained using Eq. 2-9. The sheet resistance, sR  of the semiconductor can be 

conveniently determined by using the Van der Pauw resistivity measurement technique. 

The Hall mobility can be obtained from the equation  

IBR

V

s

H
                                                                                   (2-10)          

Knowing the sample thickness, resistivity, ρ is measured from sheet resistance, sR . A 

common configuration for the Van der Pauw measurement has four ohmic contacts at the 

four corners of a square shaped sample. However, this technique is also applicable for 

arbitrary shaped sample as long as the thickness of the sample is known and uniform, the 

contact areas are small, and the contacts are on the perimeter of the sample [84]. In this 

work, a custom built Hall measurement system in our lab is used, as shown in Fig. 2-10 

[72]. 
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Figure 2-10. Hall-effect measurement system [72]. 

A detailed schematic diagram of the Hall-effect measurement setup is shown in Fig. 2-11 

[85]. The Hall card (Keithley 7065) is a switch which connects to the sample and other 

peripherals to control the different measurement combinations. Current was supplied to 

the sample through the Keithley 220 current source, and was measured by the 485 

picometer. The Hall voltage was measured by the Keithley 199 voltmeter. The system 

has an electromagnet (Alpha Scientific), (which was powered by a separate power source  

 



                                                       Texas Tech University, Md Rakib Uddin, August 2016  

31 

 

with 50 A and 40 V), is controlled though a DIO-2000 controller, and is able to provide a 

magnetic field of 0.528 T. For variable temperature measurements, due to the presence 

of the cold header, the sample inside the cold header experiences a 0.462 T magnetic 

field due to an increased distance between the magnetic poles. The temperature control is 

achieved using a Janis closed cycle refrigeration system and SHI APD cold head, which 

can control the temperature from 10 K to 850 K with the help of a compressor.            

 

 

 

Figure 2-11. Schematic diagram of Hall-effect measurement setup [85]. 
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2.2.5. Other characterization tools  

 Raman spectroscopy is a spectroscopic technique based on the inelastic 

scattering of monochromatic light, usually from a laser source. It is a very powerful non-

destructive measurement technique that can provide information regarding the 

vibrational, transitional, and other low frequency transitions in molecules, thus helps to 

identify phase separation and phase inhomogeneity in alloys. In this work, Raman 

spectroscopy was used to study the phase separation and alloy inhomogeneity in the h-

(BN)1-x(C2)x samples. The Raman spectra were collected at room temperature by  a 

Bruker Senterra dispersive Raman spectrometer using a 532 nm (2.33 eV diode laser) 

excitation source. Spectral resolution was 3 cm
-1

. A dry Olympus 50 X objective with a 

numerical aperture (NA) of 0.25 was used. The scattered signals were collected using a 

TE cooled Si CCD detector. Figure 2-12 shows the Raman system used in this study.        

 

 

Figure 2-12. Photograph of the Senterra Raman system [86]. 
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 UV-Vis optical absorption measurements were performed to estimate the 

bandgap energy of the h-(BN)1-x(C2)x alloys with different carbon concentrations. The 

system is custom built that uses a laser driven light source (LDLS) (laser beam hits a 

xenon plasma) covering a spectral range from 180 nm to 850 nm. The spectrometer is 

equipped with a silicon detector to detect the transmitted light.  

 Fourier transform infrared spectroscopy (FTIR) is a vibration spectroscopic 

technique similar to Raman spectroscopy. Indeed, it is a complementary technique to 

Raman spectroscopy. Some molecular vibrations such as symmetric vibrations of non-

polar group are active in Raman mode, while some such as polar asymmetric vibrations 

are active in IR mode. In this work, Vertex 70 FTIR (Bruker) system was used for the 

BN-rich h-(BN)1-x(C2)x alloys (transparent samples) and Hyperion 2000 with an ATR 

objective is used to analyze the samples with higher carbon concentrations (black 

samples).         

 Optical microscopy is a powerful visual inspection tool. It can inspect the 

surface morphologies such as defects, scratches or cracks, and particles. A Nikon Eclipse 

(ME 600) microscope with a magnification of up to 100 x is used in this work.
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Chapter 3 

Epitaxial growth of h-(BN)C 

 

3.1. Introduction 

Hexagonal boron nitride carbon alloy, h-(BN)1-x(C2)x, is a very promising 

material due to its wide bandgap tunability. There has been numerous research articles 

published on BxCyNz materials in the last two decades. However, according to our 

knowledge, none of the previous experimental studies intended to synthesize 

homogeneous alloys and the alloying miscibility or phase separation issue has not been 

studied systematically, unlike other better-known materials such as InGaN and AlGaN 

alloys. There are fundamental differences between the cause of the phase separation in 

InGaN and h-(BN)1-x(C2)x alloys. Phase separation in InGaN alloys is mainly caused by 

the difference in the in-plane a-lattice constants between InN (a = 0.3544 nm) and GaN 

(a = 0.3189 nm) [87,88]. On the other hand, main reason of phase separation in the h-

(BN)1-x(C2)x system is the bonding energy difference, which will be illustrated in section 

3.2. Also, the growth temperature mismatch between InN (~ 600-700 
0
C) and GaN (900-

1100 
0
C) makes the phase separation issue in InGaN even more difficult to overcome 

[1]. Theoretically, increasing the growth temperature will reduce the miscibility gap 

[87], but InN decomposes at temperatures above 700 
0
C. Temperature mismatch is not 

an issue for the synthesis of h-(BN)1-x(C2)x alloys. 
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3.2. Phase separation in (BN)1-x(C2)x system  

 Synthesis of h-(BN)1-x(C2)x alloys have been difficult due to the phase separation 

between B-N and C-C domains. It is challenging because of the strong inter-atomic 

bonds between B-N and C-C, which have respective bond energies of 4.0 eV (B-N) and 

3.71 eV (C-C) compared with values of 2.83 eV for the C-N bond and 2.59 eV for the C-

B bond [89]. Phase separation in the h-(BN)1-x(C2)x system is illustrated using Fig. 3-1. 

 

 

 

Figure 3-1. (a) phase separated B-N and C-C clusters and (b) random mixing of B, N, 

and C. 

Using the bonding energies between atoms and number of respective interatomic 

bonds, total bonding energies for both structures are calculated, which are -107 eV  and -

93 eV for Figs. 3-1(a) and (b), respectively. So, structure (a) tends to be more stable than 

(b), as the total bonding energy of structure (a) is higher than (b). Thus, the simple 

structure suggests that (BN)C alloy with separate B-N and C-C domains are generically 

more favorable to form. The conclusion remains the same for the B-N and C-C chain 

structure instead of the domain structure. 
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Although, B-N and C-C tend to phase separate spontaneously, this only happens 

in a certain range of x in the h-(BN)1-x(C2)x alloy system. Recent theoretical calculation 

by K. Yuge et al. [90] on c-BN and graphene suggests that it is possible to synthesize 

alloys from these two materials above a certain temperature range. The phase diagram of 

the monolayer (BN)1-x(C2)x alloys in the temperature range of 1500-3500 K suggests that 

the miscibility gap decreases with an increase in the growth temperature. Figure 3-2 

shows the reproduced phase diagram for growth under equilibrium conditions from ref. 

[90], which, serves as a guideline for the synthesis of h-(BN)1-x(C2)x alloys. It should be 

noted that MOCVD is a non-equilibrium growth process. 

 

Figure 3-2. Reconstructed phase diagram of h-(BN)1-x(C2)x alloys [90].   

(BN)1-x(C2)x alloy in the mid composition range (with x = 0.5) (BNC2) has been 

first demonstrated experimentally in the mid 90s [52]. It was found from both low 

temperature (4 K) photoluminescence (PL) measurement and spectroscopic 
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measurements of scanning tunneling microscopy [52] that the alloy has a direct bandgap 

energy of 2.0 eV. However, XRD measurement results show that the sample was t-phase 

stable with very low mobility of charged carriers [91]. Although, the exact reason for 

poor crystalline quality and low carrier mobility has not been discussed.   

3.3. MOCVD growth of h-(BN)1-x(C2)x alloys   

The h-(BN)1-x(C2)x alloys in the both BN-rich and C-rich sides were grown on c-

plane (0001) sapphire substrate using metal organic chemical vapor deposition 

(MOCVD). A thin h-BN layer was grown on sapphire substrate prior to the growth of h-

(BN)1-x(C2)x alloys. This is to utilize the fact that both h-BN and h-(BN)C are lattice 

matched and have similar thermal expansion coefficients, allowing the growth of h-

(BN)C with much better crystalline quality compared to the case of growing h-(BN)C 

directly on sapphire. Prior to the epilayer growth, a low temperature BN buffer layer (~ 

600 
0
C) was first deposited on the substrate. Without the low temperature buffer layer 

the epilayers tend to crack or peel away from the substrate. Detailed growth of the h-BN 

layer used for the growth of h-(BN)1-x(C2)x alloys was discussed by S. Majety in his PhD 

dissertation [17]. In this work, our focus was to optimize MOCVD process to synthesize 

h-(BN)1-x(C2)x alloys with different C concentrations with tunable energy bandgap and 

electrical conductivity. MOCVD growth has advantages over BCl3 based CVD growth, 

which has been used by many research groups to synthesize low crystalline quality phase 

separated BxCyNz materials. Moreover, MOCVD is an established technique for 

producing high crystalline quality materials due to its ability to precisely control the 

growth processes and has been widely adopted by the commercial world for the growth 
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of other compound semiconductor materials, particularly III-nitrides, in large wafer 

scales. Also, we have used propane (C3H8) as C source over CCl3Br, which has an 

uncontrolled etching effect by Cl and Br and results in poor crystalline quality of our h-

(BN)1-x(C2)x epilayers. 

3.3.1. Effect of growth rate on the crystalline quality 

Our experimental results indicate that the growth rate of both h-BN and h-(BN)1-

x(C2)x epilayers are important to achieve high crystalline quality. Figure 3-3 shows the 

XRD θ-2θ long range scans of two representative h-(BN)1-x(C2)x/h-BN/sapphire samples 

grown under different growth rates. Our results indicate that samples grown at slower 

growth rates exhibit hexagonal crystalline structure. This could be due to the low surface 

diffusion or mobility of the atoms on the growing surface, as our growth temperature 

(1300 
0
C) is much lower than the melting temperatures of both h-BN and graphite. 
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 Figure 3-3. XRD θ-2θ scan of h-(BN)C/h-BN/sapphire with two different growth rates. 

(a) a relatively fast growth rate results in amorphous material and (b) a slower growth 

rate results in single hexagonal phase. 

 

3.3.2.  h-(BN)1-x(C2)x alloys in the BN-rich side 

 h-(BN)1-x(C2)x alloys in the BN-rich side have been grown using triethylboron 

(TEB), ammonia (NH3), and propane (C3H8) as boron, nitrogen, and carbon precursors, 

respectively. Hydrogen was used as the carrier gas, so as to control lower carbon 

concentrations. Several growth parameters such as TEB/NH3/C3H8 pulse sequences, flow 

rates of individual precursors, pulse time of individual precursors, growth pressure etc. 

have been optimized, of which pulse sequence was the crucial parameter to optimize. 

There were three different possible pulse sequences that have been particularly 

optimized, such as TEB_ON only/NH3_ON only/C3H8_ON only, TEB_ON 

only/C3H8_ON only/NH3_ON only, and (TEB+C3H8)_ON only/NH3_ON only. 

Irrespective of the carbon concentration x in the h-(BN)1-x(C2)x epilayers, the first two 
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pulse sequences always ended up in phase separation between B-N and C-C domains. 

This was confirmed through the combination of characterization data from Hall-effect, 

optical absorption, and XPS measurements. Flow rates of TEB controls the growth rate, 

whereas both TEB and C3H8 flow rates control the atomic composition of C in the h-

(BN)1-x(C2)x epilayers. Typically, atomic composition of C decreases (for the same C3H8 

flow rate) with an increase of TEB flow rate. This is due to the fact that BN fraction 

increases with an increase of TEB flow rate. The complex relationship between the 

precursor flow and their pulse sequences makes the synthesis of h-(BN)1-x(C2)x alloys 

challenging. Figure 3-4 shows the schematic of the layer structure used in this study.  

 

           Figure 3-4. Schematic of the layer structure used in this study. 

 Thin films of h-(BN)1-x(C2)x alloys with different carbon concentrations were 

grown by changing the C3H8 flow rate under optimized MOCVD growth conditions. 

Figure 3-5 shows the pulse sequence employed to grow the h-(BN)1-x(C2)x alloys in the 

BN-rich side. Both TEB and C3H8 were transported together into the reactor and NH3 

was supplied separately with respective flow rates of 0.06 sccm and 3.0 standard liter per 

minute (SLM). Samples were grown under N-rich conditions, ensuring a very high V/III 
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ratio. C3H8 flow rates were increased in a small step to obtain h-(BN)1-x(C2)x alloys with 

different carbon concentration (x). Structural, chemical, electrical, and optical properties 

of the h-(BN)1-x(C2)x alloys with different C concentrations will be discussed in chapters 

4 and 5.   

 

Figure 3-5. MOCVD pulse sequence for the BN-rich h-(BN)1-x(C2)x alloy growth.  

3.3.3.  h-(BN)1-x(C2)x alloys in the C-rich side 

h-(BN)1-x(C2)x alloys in the C-rich side have been grown using TEB, NH3, and 

C3H8 as boron, nitrogen, and carbon precursors, respectively. Nitrogen was used as the 

carrier gas. Several growth parameters such as TEB/NH3/C3H8 pulse sequences, flow 

rates of individual precursors, pulse time of individual precursors, growth pressure etc. 

have been optimized. In order to reach the desired carbon concentration x in the h-(BN)1-

x(C2)x alloys, nitrogen carrier gas was used instead of hydrogen gas. Early experiments 

were conducted with a hydrogen carrier gas, however, we could not achieve very high C 
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concentrations even with an extremely high C3H8/TEB flow ratio. This could be due to 

the fact that hydrogen etches C in a graphitic structure, which is in agreement with a 

previous result [92]. TEB_ON only/NH3_ON only/C3H8_ON only pulse sequence was 

used to synthesize the h-(BN)1-x(C2)x alloys in the C-rich side. TEB flow dependent 

growth was done initially to calibrate the growth rate. After we adjust the growth rate, a 

C3H8 flow dependence growth was conducted to estimate the C concentrations for fixed 

flow rates of TEB and NH3. This helped us to calibrate the system for desired C 

concentrations. Figure 3-6 shows the variation in C concentration (measured using XPS) 

with the C3H8 flow rate ranging from 3 to 20 sccm. It can be seen from the plot that ~ 

88% C concentration was obtained with a C3H8 flow rate of 20 sccm, which was used for 

further growth optimization. TEB flow rate was kept sufficiently high (0.18 sccm) in 

order to get both p- and n-type conductivity of the h-(BN)1-x(C2)x epilayers. Samples 

with lower TEB flow rates result in n-type conductivity only even with a NH3 flow rate 

of 1 sccm (lowest NH3 flow rate we could use in our system). Growth rate was 

sufficiently high (~ 100 nm/h). 
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Figure 3-6. The carbon atomic composition (x) in h-(BN)1-x(C2)x alloys as a function of 

the C3H8 flow rate employed during MOCVD growth. The values of x were determined 

from high resolution XPS tight scans after removing surface contaminants using Ar
+
 ion 

sputtering.  

After the precursor pulse sequence, TEB, NH3, and C3H8 flow rates were 

optimized to obtain the desired C concentrations and crystalline quality, we have 

undertaken growth of h-(BN)1-x(C2)x epilayers with both p- and n-type conductivity by 

changing the NH3 flow rate (V/III ratio (N/B)). It was found that for higher NH3 flow 

rates (higher V/III ratio), initially we were getting only n-type h-(BN)1-x(C2)x epilayers. 

Table 3-1 shows the Hall-effect measurement results for the h-(BN)1-x(C2)x epilayers 

grown at different NH3 flow rates. It can be seen that all samples are n-type until the 

V/III ratio is reached ~ 1:1 (for 1 sccm NH3 flow rate). Once the true stoichiometry 

region was narrowed down between 3 and 1 sccm NH3 flow rates, further experiments 

were undertaken to grow h-(BN)1-x(C2)x epilayers at different NH3 flow rates by 
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changing NH3 flow rates from 3.0 to 1.0 sccm. Figure 3-7 shows the schematic of the 

structure that was implemented using the optimized growth conditions. Structural, 

morphological, chemical, and electrical properties of the h-(BN)1-x(C2)x epilayers with 

different V/III ratio will be discussed in chapter 6. Alloying and phase separation issue 

will be illustrated based on the materials characterization results. 

 

 Table 3-1. Room temperature Hall-effect measurement data for h-(BN)1-x(C2)x epilayers 

with different NH3 flow rates. 

 

NH
3
 flow rate 

(sccm)  
ρ (Ω-cm)  µ (cm

2

/V.s)  n (cm
-3

)  Conductivity type  

4500  3.40E-03  7.68 ± 0.02 2.39E+20  n  

3000  3.20E-03  9.78 ± 0.82 1.99E+20  n  

1500  2.50E-03  10.27 ± 0.97 2.43E+20  n  

500  3.20E-03  8.29 ± 0.54 2.35E+20  n  

100  3.30E-03  8.46 ± 1.19 2.24E+20  n  

50  3.00E-03  9.07 ± 1.24 2.29E+20  n  

20  3.20E-03  9.18 ± 0.83 2.13E+20  n  

5  2.30E-03  11.17 ± 0.10 2.43E+20  n  

3  2.60E-03  15.06 ± 0.05 1.61E+20  n  

1  2.30E-03  -16.35 ± 0.49 -1.65E+20  p  
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Figure 3-7. Schematic of the layer structure used in this study. 

 Figure 3-8 shows the pulse sequence employed to grow the h-(BN)1-x(C2)x alloys 

in the C-rich side with different V/III ratio. TEB, NH3, and C3H8 pulses were sent into the 

reactor separately. A set of samples were grown at different NH3 flow rates from 3.0 

sccm to 1.0 sccm while keeping TEB and C3H8 flow rates constant at 0.18 sccm and 20 

sccm, respectively. The growth rate was sufficiently high (~ 100 nm/h), which was 

controlled by both TEB and C3H8 flow rates.   
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Figure 3-8. MOCVD pulse sequence for the C-rich h-(BN)1-x(C2)x growth.  
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Chapter 4 

Basic properties of h-(BN)C alloys in the BN-rich side 

 

4.1. Introduction 

Wafer-scale h-(BN)1-x(C2)x alloys in the BN-rich side have not been studied 

before. Although, h-(BN)1-x(C2)x alloys are very important technologically, there has not 

been much study on the alloying and phase separation mechanism. In chapter 3, MOCVD 

growth of h-(BN)1-x(C2)x alloys have been discussed. In this chapter, h-(BN)1-x(C2)x 

alloys in the BN-rich side will be discussed including their structural properties and the 

mechanism of alloying.  

 Epitaxial layers of h-(BN)1-x(C2)x alloys with carbon concentration varying from 

0.017 to 0.21 were grown using different C3H8 flow rates. Samples were grown using 

hydrogen as a carrier gas at 1300 
0
C (temperature limit of our current MOCVD system). 

For the ease of description and understanding, samples were denoted as A, B, C, D, E, F, 

and G  which were grown at C3H8 flow rates of 0 (h-BN), 0.5, 1, 2, 3, 4, and 5 standard 

cubic centimeters (sccm) per minute, respectively. Figure 4-1 shows the general  

structural schematic of the samples.   
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Figure 4-1. Schematic of the h-(BN)1-x(C2)x alloys grown on h-BN/sapphire.   

4.2. Crystalline structure of the h-(BN)1-x(C2)x alloys   

After the successful synthesis of the h-(BN)1-x(C2)x alloys with different C3H8 

flow rates, x-ray diffraction (XRD) was employed to study the crystalline quality and 

estimate the lattice constant. Figure 4-2 shows the long-range XRD θ-2θ scan of the h-

(BN)1-x(C2)x alloy with x = 0.032. There is only one peak present at 26.50
0 

(except for the 

sapphire peak), which renders the c-lattice constant to be ~ 6.73 Å. This is slightly larger 

than the bulk lattice constant of h-BN (6.66 Å), which could be due to the following 

facts: (1) h-(BN)1-x(C2)x alloys are grown on h-BN templates and experience a 

"compressive"-like strain in the a-plane, (2) crystalline quality of the h-(BN)1-x(C2)x 

alloys is not as good as h-BN epilayers, as we have found that c lattice constant of h-BN 

epilayers decreases and approaches the bulk value as the crystalline quality improves, and 

(3) large differences in thermal expansion coefficient between h-BN and sapphire. The 

only diffraction peak confirms that our MOCVD grown h-(BN)1-x(C2)x epilayers are of 

hexagonal phase and no other phases are present. 
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Figure 4-2. XRD θ-2θ scan of a h-(BN)1-x(C2)x alloy (x = 0.032) grown on sapphire 

substrate. 

 

4.3. XPS study of the h-(BN)1-x(C2)x alloys   

X-ray photoelectron spectroscopy (XPS) measurements were done to study the 

atomic composition, identify impurity, estimate thickness and etching rate, and chemical 

bonding analysis. Initial survey scans were performed on the h-(BN)1-x(C2)x epilayers to 

identify the atoms present in the samples. The samples were contaminated with moisture 

and oxygen from air after being exposed to the ambient. To eliminate the surface 

contamination before XPS measurements, we followed the procedure of low energy Ar
+
 

ion soft etching, which completely removed any surface contaminations, such as carbon 

and oxygen. Figure 4-3 shows the low resolution survey spectra of our pure h-BN and an 

h-(BN)1-x(C2)x epilayer with x = 0.032. It is evident that there is no impurity found in our 
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samples. Presence of Ar is due to the Ar
+
 ion sputtering to remove the surface 

contaminations.  

 

Figure 4-3. Survey spectra of (a) h-BN epilayer and  (b) a representative h-(BN)1-x(C2)x 

epilayer with x = 0.032. 

 

4.3.1. Determination of C concentrations in the h-(BN)1-x(C2)x alloys   

Although, atomic composition can be obtained from survey scans, atomic 

compositions of our h-(BN)1-x(C2)x epilayers were determined from high resolution tight 
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scans for better accuracy. Peak area sensitivity factor was used (discussed in chapter 2) to 

obtain the atomic composition which is accurate to ± 0.1 at.%. Figure 4-4 shows the high 

resolution tight scans for two representative h-(BN)1-x(C2)x epilayers with x = 0.032 and x 

= 0.06. After removing the surface contaminations, atomic compositions of B, N, and C 

become stable inside the film, which was verified by the depth profile measurements 

carried out for selective samples. Peak positions for B 1s, N1 s, and C1 s photoelectron 

transitions are 190.8 eV, 398.5 eV, and 284.4 eV, respectively, indication of hexagonal 

phase our epilayers [93].      
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Figure 4-4. XPS high resolution tight scans for B 1s, N 1s, and C 1s photoelectrons for h-

(BN)1-x(C2)x epilayers with x = 0.032 and 0.06.  

Using the peak area sensitivity factor mentioned before, carbon composition x of 

the  h-(BN)1-x(C2)x epilayers were obtained. Figure 4-5 shows the carbon atomic 

composition (x) in the h-(BN)1-x(C2)x epilayers grown under different C3H8 flow rates. 

The measured carbon concentrations were 1.7%, 3.2%, 6.2%, 10.8%, 14.8%, and 20.8% 

for the six samples grown under C3H8 flow rates of 0.5, 1, 2, 3, 4, and 5 sccm. XPS 

measurements thus established that the C concentrations increases almost linearly with an 

increase of the C3H8 flow rate employed during growth, providing a linear calibration for 

future growth optimization. 
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Figure 4-5. The carbon atomic composition (x) in h-(BN)1-x(C2)x alloys as a function of 

the C3H8 flow rate employed during MOCVD growth. The values of x were determined 

from high resolution XPS tight scans after removing surface contaminants using Ar
+
 ion 

sputtering. 

 

4.3.2. Structural stability of the h-(BN)1-x(C2)x alloys   

It is very important to study the stability of the h-(BN)1-x(C2)x epilayers under 

different Ar
+
 ion energy. This is due to the fact that chemical bonding analysis critically 

depends on the stability of the material under which ion it is sputtered. Also, if the 

material is damaged during ion sputtering, accurate and true depth profiles cannot be 

obtained. Stability study with different ion energy is critical to determine the range of 

energies that can be used for sputtering. h-(BN)1-x(C2)x alloys were bombarded with 

different Ar
+
 ion energies between 0.5 and 4 keV and subsequently studied by XPS. 

Figure 4-6 shows the B 1s and N 1s photoelectron spectra taken after sputtering the h-
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(BN)1-x(C2)x epilayer with x  = 0.032 with different ion energies. Figure 4-6(a) shows the 

B 1s spectra. Chemical shift and broadening of the peak are not observed as a result of 

ion sputtering below 2 keV. A steady state peak width is observed below 2 keV ion 

energy. Steady state peak width dependence on ion energy can be explained by a model 

based on the mean-projected ion range, which can be used to determine the electron 

escape length for B 1s and N 1s electrons, similar to that of other materials [94-96]. Peak 

broadening can be explained by an increase in disorder that results from changes in the 

B-N bond angle distribution within the ion range.  As we can see, when the ion energy is 

above 2 keV, there is a substantial shift in the peak position and also the broadening of 

the peak, which is indicated in Fig. 4-6(b). As it can be seen, 2 keV is indicated as 

damage threshold. This means that above this ion energy, the sample is damaged and 

hence chemical bonding analysis cannot be made. Figure 4-6(c) shows the N 1s 

photoelectron peaks obtained after sputtering with different ion energies. The behavior of 

the N 1s peak is similar to that of B 1s peak, 2 keV being the ion damage threshold. So, 

this is consistent from both photoelectron peaks that our h-(BN)1-x(C2)x alloys are 

chemically stable within the 0.25 to 2 keV range for a finite time period, thus depth 

profile and chemical bonding analysis is accurate within this range. Once the acceptable 

range of ion energies are determined, we performed depth profile and estimated the 

sputter rate of our h-BN epilayers and h-(BN)1-x(C2)x alloys for a certain ion energy (2 

keV in this case). Typically, silicon dioxide (SiO2) is used as a reference material to 

determine the relative etching rate of other materials. D. R. Baer et al. [97] compared the 

sputter rate of various materials with that of SiO2. However, to our knowledge, there is no 

reference that describes the sputter rate of h-BN or h-(BN)C materials for XPS depth 
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profiling. Sputter rate of a representative h-(BN)1-x(C2)x sample (x = 0.032) with known 

thickness (60 nm) was determined using Ar
+
 ion sputtering. Ions of 2 keV energy was 

used to successively etch and obtain the B 1s, N 1s, C 1s, Al 2p, and O 1s spectra after 

each etching step until the epilayer is etched down completely and reach the top of the 

sapphire (Al2O3) substrate. This was indicated by sudden increase of the intensity of Al 

2p and O 1s spectra, which come from the sapphire (Al2O3) substrate. It is also 

corroborated by the very weak signal from B 1s and N 1s core levels as the etching has 

reached the substrate. Sputter rate was determined dividing the total known thickness of 

the epilayer (measured by surface profiling using a alpha step profiler) by the total sputter 

time. It is found that the sputter rate is ~ 2.5 nm/min for the specified ion energy. This is 

~ 38% of the sputter rate of SiO2 for the same ion energy, as calibrated for PHI 5000 

VersaProbe by the Physical Electronics Inc.  
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Figure 4-6. (a) B 1s spectra of h-(BN)1-x(C2)x alloy with x = 0.032 after sputtering with 

different ion energy, (b) the corresponding FWHM and peak position of the respective 

spectra, (c) N 1s spectra for the same sample, and (d) the corresponding FWHM and peak 

position of the respective spectra. 

 

4.3.3. Determination of h-(BN)1-x(C2)x alloys using chemical bonding  

Comparison of chemical bonding between h-BN reference sample and h-(BN)1-

x(C2)x alloys is a direct indication of alloying [65]. Figure 4-7(a) shows the B 1s 

photoelectron spectra of a representative h-(BN)1-x(C2)x alloy with x = 0.032. A spectrum 

for our h-BN reference sample is also shown for comparison. It is to note that, for both 

spectra, binding energy was calibrated with reference to the C 1s energy due to 

adventitious carbon present at the surface and peaks at 284.8 eV [98]. It is obvious that 

the peak in the h-(BN)1-x(C2)x alloy broadens comparing with the h-BN reference sample, 

although the broadening is not very large due to the fact that number of C atoms in the 

sample is very small (~ 3.2%). The corresponding full width at half maximum (FWHM) 
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for the h-BN reference and h-(BN)1-x(C2)x alloy are 0.83 and 1.24 eV, respectively. The 

peak broadening is due to atomic bonding between B, N, and C atoms, which is described 

below with the help of peak fitting. Figure 4-7(b) shows the N 1s photoelectron spectra 

for the same samples discussed in Fig. 4-7(a). The binding energy was calibrated as 

described above. It can be seen that the peak for the h-(BN)1-x(C2)x alloy broadens 

comparing with the h-BN reference sample. This is again due to the presence of other 

bonding present in the system except the N-B bonds. Peak broadening is not very large 

due to the fact that number of C atoms in the sample is very small (~ 3.2%). Figure 4-7(c) 

shows the C 1s photoelectron spectra for the h-(BN)1-x(C2)x alloy  with x  = 0.032 and our 

reference graphite sample. It is found that C 1s peak in the h-(BN)1-x(C2)x alloy  broadens 

dramatically comparing with the reference graphite sample, with corresponding FWHM 

of the peaks are 1.55 and 0.69 eV for the h-(BN)1-x(C2)x alloy and graphite, respectively. 

A very large peak broadening is expected as the number of B and N atoms in the h-(BN)1-

x(C2)x alloy is very large (~ 97% atoms are B and N combined).  
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Figure 4-7. Comparison of the (a) B 1s photoelectron peaks, (b) N 1s photoelectron peaks 

from h-BN reference sample and h-(BN)1-x(C2)x (x = 0.032) alloy, and (c) C 1s 

photoelectron peaks from reference graphite sample and h-(BN)1-x(C2)x (x = 0.032) alloy.   

Finally, we studied the chemical bonding of the h-(BN)1-x(C2)x epilayers with 

different carbon concentrations to understand the phase separation and alloying. Figs. 4-

8(a)-(c) shows the XPS photoelectron spectra of B 1s, N 1s, and C 1s, respectively for the 

h-(BN)1-x(C2)x alloy with x = 0.032 including individual bonding peak fitting. The B 1s 

spectral peak is at 190.9 eV in agreement with previous reports [66,93,99-100]. This 

corresponds to three N atoms bonding with one B atom (spectrum 1), as illustrated 

schematically in the inset of Fig. 4-8(a). Also, a small peak (spectrum 2) at 189.3 eV can 

be resolved, which corresponds to the B-C bonding peak. This is because of the lower 

electronegativity of C than N [101]. The main peak of the N 1s photoelectron spectra in 

Fig. 4-8(b) is at 398.5 eV (spectrum 1), which is close to the peak position reported for h-

(BN)1-x(C2)x alloy with x = 0.50 [66]. This corresponds to three B atoms bonded with one 
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N atom in the center, as schematically shown in the inset of Fig. 4-8(b). Besides the main 

bonding peak between N and B atoms, there is another peak resolved in the higher energy 

side (399.4 eV), denoted as spectrum 2, is due to the bonding of N and C atoms (N-C 

bond). The higher energy bonding peak is attributed to the higher electronegativity of C 

than B atoms [66]. Fig. 4-8(c) shows the C 1s photoelectron spectra. The main peak 

(spectrum 1) at 284.9 eV is due to the C-C bonding in the graphite network. However, 

there is a significant peak broadening from the pure graphite (Fig. 4-7c). More 

importantly, there are two additional peaks in the both higher and lower energy sides of 

the main peak. The lower energy peak at 283.5 eV (spectrum 2) is due to the bonding of 

C atoms with B atoms, as the electronegativity of B atom is lower than C atoms. The 

peak at 286.0 eV (spectrum 3) is due to the bonding of C atoms with N atoms, as the 

electronegativity of N atom is higher than the C atom. This is consistent with earlier XPS 

data from BC2N and B4C [66,101].  
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Figure 4-8. XPS spectra of (a) B 1s, (b) N 1s, and (c) C 1s core levels for the h-(BN)1-

x(C2)x epilayer with   =  c ( 0.032).  

C 1s photoelectron peaks from h-(BN)1-x(C2)x epilayers with different x are the 

major indication of the alloy formation. In the alloys whose C concentration is higher 

than the solubility limit, the XPS main peak of C-C bond is more dominant comparing 

with other peaks. Figure 4-9 compares the C 1s spectra of h-(BN)1-x(C2)x alloys with x = 

xc (0.032) and x = 0.06. Peak position for the dominant C-C peak is at 284.9 eV 

(spectrum 1) for both samples. As discussed before, peaks at 286.0 eV and 283.5 eV for 

the sample with x = xc (0.032) is due to C bonding with N and C bonding with B, 

respectively. Also, the peak at 286.5 eV for the sample with x = 0.06 is due to C bonding 

with N. If we compare the main C-C bonding peak with respect to C-N bonding peak 

between the two samples, it is obvious that the C-C bonding peak is more dominant in the 

sample with x = 0.06 (ratio of intensities of C-C bond to the C-N bond for the sample 

with x = xc (0.032) is ~ 1.7:1, where ratio of intensities of C-C bond to the C-N bond for 
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the sample with x = 0.06 is ~ 4:1). A strong C-C bonding peak is the signature of the 

formation of C clusters. Also, C-B bond is negligible in the sample with x = 0.06 since 

the peak at 283.5 eV corresponding to C-B bond is absent in this sample. This could be 

attributed to the lower bonding energy of C-B bond (2.59 eV) than the C-N bond (2.59 

eV) [89]. Similar conclusion is obtained from the other h-(BN)1-x(C2)x epilayers with 

higher x. 

The chemical shift, peak broadening, and bonding analysis described above 

indicate that boron, carbon, and nitrogen atoms bond with one another, and mix 

atomically in our h-(BN)1-x(C2)x alloy. 

 

Figure 4-9. Comparison of the C-C bonding peak with respect to the C-N and C-B 

bonding peaks for the samples with   =  c ( 0.032) and x = 0.06. 
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4.4. Bandgap energy tuning in the h-(BN)1-x(C2)x alloys      

UV-visible optical absorption measurements were performed on the h-(BN)1-

x(C2)x epilayers with different x to estimate the bandgap energy variation. There has been 

scarcity of experimental data on the fundamental optical properties except for the h-

(BN)1-x(C2)x alloy with x = 0.50 (BNC2), which has an estimated bandgap energy, Eg = 

2.0 eV based on the spectroscopic measurements of scanning tunneling microscopy [52]. 

It was observed that the optical absorption edge of h-(BN)1-x(C2)x epilayers decreases 

with an increase in C concentration, which is expected from Fig. 1-5. Transmission 

spectra were measured using the experimental technique described in chapter 2, which 

was then used to obtain optical absorption coefficient, α using the following equation 

2)1(
ln

1

R

T

d 
                                                                                              (4-1) 

where d is the thickness of h-(BN)1-x(C2)x epilayers, T is the transmitted signal measured, 

and R is the reflection coefficient. The energy bandgap Eg values were estimated from the 

Tauc plot of the absorption coefficients [102]. Since both h-BN and  h-(BN)1-x(C2)x alloys 

are considered as direct bandgap semiconductors [12,52,103,104], we plot α2
  (Fig. 4-10) 

as a function of the excitation photon energy for h-(BN)1-x(C2)x epilayers with x = 0.0 (h-

BN), 0.017, 0.032, 0.06, 0.10, 0.14, and 0.21. The bandgap energy values were obtained 

from the intersections between the straight lines and horizontal (energy) axis. Eg values of 

5.80, 5.70, 5.65, 5.60, 5.55, 5.47, and 5.30 eV were obtained for the h-(BN)1-x(C2)x 

epilayers with x = 0.0 (h-BN), 0.017, 0.032, 0.06, 0.10, 0.14, and 0.21, respectively.             

The measured optical absorption edge of 5.80 eV for h-BN epilayer agrees with previous 

measurements [105,106] and coincides well with the onset energy position of the 
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excitonic emission line [14,107]. Our results thus suggest that the optical absorption edge 

is strongly affected by the excitonic effects and the actual bandgap of h-BN is expected to 

be greater than the measured value by an amount of the exciton binding energy in h-BN 

(around 0.7 eV) [106-109].  

 

Figure 4-10. Tauc plot of absorption coefficients of h-(BN)1-x(C2)x epilayers with 

different C concentrations. 

 

4.5. Mechanism of alloying in the h-(BN)1-x(C2)x epilayer 

We determine the critical carbon concentration (or carbon solubility) in the h-

(BN)1-x(C2)x system using XPS and optical absorption measurement results. Figure 4-

11(a) shows the Eg vs. x in h-(BN)1-x(C2)x plot. The dashed curve represents a fitting 

using the Vegard's law for describing the bandgap energy of semiconductor ternary 

alloys, 
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xxbCxEBNhExCBNhE ggxxg )1()()()1(])()([ 21                        (4-2) 

where x is the mole fraction of C in the h-(BN)1-x(C2)x alloys and b is the bowing 

parameter. The fitted curve was obtained using the bandgap energies of h-BN (x = 0), 

graphite, and h-BNC2 from ref. [52] (black rectangles). The fitted bowing parameter b is 

found to be 3.6 eV. The green circles are the measured C concentrations obtained from 

XPS (described in section 4.3.1) and the corresponding Eg values obtained from the 

optical absorption measurements described in section 4.4. It can be seen that only the first 

two data points for the samples with x = 0.017 and 0.032 fit into red dashed (theoretical) 

curve, which suggests only these two samples are homogeneous alloys. On the other 

hand, h-(BN)1-x(C2)x epilayers with x = 0.06, 0.10, 0.14, and 0.21 deviate significantly 

from the fitted curve obtained using Eq. 4-2. This could be explained using the fact that 

phase separation occurs in these samples with x >xc (0.032). In the phase separated h-

(BN)1-x(C2)x epilayers, the XPS measures the total C concentrations, while the C 

concentrations deduced from the bandgap variation of Eq. 4-2 represents the C 

concentrations in the homogeneous alloy phase. Hence, it is obvious that the deviation 

from the theoretical curve (Fig. 4-11a)  is a measure of the excess C concentration in the 

phase separated C-C cluster (graphite phase). To state in a different way, h-(BN)1-x(C2)x  

alloys with x > xc (~ 0.032) contain separated C-C phase and the actual C concentrations 

in the homogeneous alloys are less than the total C concentrations determined by XPS 

(x). The total C concentrations that form homogeneous alloy phase can be denoted as y, 

which can be deduced from the combination of Eg measured by the optical absorption 

spectroscopy and Eq. 4-2. Using this procedure, data for the C concentrations in the 
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homogeneous alloy phase (y) is plotted as blue filled squares in Fig. 4-11(a). The 

difference between the measured carbon concentration by XPS (x) and true homogeneous 

alloy phase C concentration y, is denoted as yxC  , indicated in Fig. 4-11(a). So, 

C is actually the measure of the excess carbon concentrations that forms the phase 

separated C-C phase for the h-(BN)1-x(C2)x epilayers with x >xc. C vs. the total C 

concentration x in the h-(BN)1-x(C2)x epilayers are plotted in Fig. 4-11(b). For the samples 

with x = 0.017 and 0.032, xy  , hence, .0C  This means that these two h-(BN)1-

x(C2)x epilayers with lower C concentrations form homogeneous alloys with no C-C 

clusters present. In other words, C concentrations up to 3.2% are completely miscible in 

the h-(BN)1-x(C2)x epilayers grown at 1300 
0
C. For the samples with higher x, C  

increases linearly with an increase of x, which can be explained using the following 

equation 

           cc xxxxbC  ),(                                                                                         (4-3) 

where C is the C concentration in the graphite phase and x is the total C concentration 

measured by XPS. The fitted value of b and xc are 0.83 and 0.032, respectively. To 

understand the physical meaning of Fig. 4-11(b) and Eq. 4-3, we can say that for the 

samples with higher C concentrations (larger than xc), about 83% of the total C will be in 

the separated C-C phase. This also means that remaining 17% C will still be in the 

homogeneous alloy phase. Considering our current growth temperature (1300 
0
C) is low 

comparing with what is required for the growth of homogeneous h-(BN)1-x(C2)x alloys 

[90,110], it is expected that xc will be increased and the red line will be shifted to the 

right with an increase in the growth temperature. However, at this stage, we are not able 
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to estimate the percentage of C in the C-C (graphite) phase at higher growth 

temperatures. 

 To present the results in a different way, Fig. 4-11(c) shows the C concentration 

in the homogeneous h-(BN)1-y(C2)y alloy phase (y) deduced from the energy bandgap 

obtained from optical absorption spectra versus the total C concentration x in h-(BN)1-

x(C2)x samples measured by XPS. Two distinct regions of alloying are obtained from the 

linear fits of data using the following equations 

           xay 1 ,    for  cxx 0                                                     

           xaby 2 ,    for  cxx   

The fitted value of a1 is 1, which means that at x <xc (~ 0.032), the C concentration in the 

homogeneous h-(BN)1-y(C2)y alloy phase equals to the total C concentration measured by 

XPS xy  . The fitted values of a2 and b for line (2)  are 0.17 and 0.026, respectively. 

This implies  that the C concentration in the homogeneous alloy phase also increases with 

an increase of total C concentration x for h-(BN)1-x(C2)x epilayers when x > xc. Our results 

thus suggest that a small fraction (~ 17%) of C still incorporates into the homogeneous h-

(BN)1-y(C2)y alloy phase beyond the critical C concentration. However, both alloy phase 

and C-C cluster phase co-exists in these samples. 

 Finally, it can be concluded that from both the bandgap energy values obtained 

from optical absorption measurements and C concentrations obtained from XPS 

measurements, a predicted model of C incorporation in the h-(BN)1-x(C2)x alloys is 

formulated. This will certainly be very useful for future developments of these alloys.        

(4-4) 
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Figure 4-11. (a) Energy bandgap, Eg versus C concentration in h-(BN)1-x(C2)x alloys. 

Green filled circles are the measured data of Eg obtained from the optical absorption 

spectra and the total C concentrations from XPS. Blue filled squares are the data points 

extrapolated from Eq. 4-2 representing the C concentrations in the homogeneous h-(BN)1-

x(C2)x alloys (y), which is lower than the total C concentration in the samples (x). ΔC 

indicates the amount of excess C concentration in h-(BN)1-x(C2)x alloys with x > xc ( 

0.032) which ends up in the separated C phase. (b) The plot of ΔC versus x in h-(BN)1-

x(C2)x alloys. (c) The plot of the C concentration in the homogeneous h-(BN)1-y(C2)y alloy 

phase (y) versus the total C concentration in the h-(BN)1-x(C2)x samples (x).    

Based on the discussions above, we have come to the conclusion that true 

homogeneous h-(BN)1-x(C2)x alloys are formed with a maximum C concentration of 3.2% 

at 1300 
0
C. Formation of alloys have been further confirmed based on the appearances of 

the samples.  Figure 4-12 shows the optical micrographs of             area of h-

(BN)1-x(C2)x epilayers with different C concentrations. Discussed earlier, phase 

separation means the formation of C-C cluster. Effect of C-C cluster formation can be 

observed visually with the color of the samples under visible spectral range. Based on the 
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bandgap value of h-BN ( 6.5 eV) and the small values of x (x = 0 to 0.21), our h-(BN)1-

x(C2)x epilayers should be transparent in the visible spectral range.  However, only 

samples with x = 0, 0.017 and 0.032 are transparent. Samples with x = 0.06, 0.10, 0.14, 

and 0.21 appear dark and the darkness increases with an increase of x. Thus our results 

suggest that the critical C concentration,  c, for homogeneous alloy formation, or the 

solid solubility limit of C in h-BN is around 0.032 for the growth temperature of 1300 
0
C. 

 

 

Figure 4-12. Optical micrographs (           ) of h-(BN)1-x(C2)x epilayers with 

different C concentrations deposited on sapphire substrates. 

 

4.6. Summary 

To summarize, h-(BN)1-x(C2)x alloys with different C concentrations have been 

synthesized using MOCVD growth technique at a temperature of 1300 
0
C. Experimental 

results revealed evidences that the critical C concentration xc to form homogeneous h-
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(BN)1-x(C2)x alloys, or the C solubility in h-BN is ~ 3.2% at our current growth 

temperature. A summary of XPS and optical absorption results of the samples is shown in 

Table 4-1. According to the data shown in Table 4-1, samples D, E, F, and G with C 

concentrations higher than xc, are phase separated. 

 

Table 4-1. List of samples with different C3H8 flow rates. Carbon concentrations (x) and 

energy bandgaps of the h-(BN)1-x(C2)x epilayers are measured by XPS and optical 

absorption, respectively. ΔC indicates the excess C concentration in h-(BN)1-x(C2)x 

samples with x > xc ( 0.032), which ends up in a separated carbon (or graphite) phase. 

 

Sample C3H8 flow 

(sccm) 

x in h(BN)1-x(C2)x 

(measured by XPS) 

ΔC Eg (eV) 

A 0 0 0 5.8 

B 0.5 0.017 0 5.7 

C 1.0 0.032 0 5.65 

D 2.0 0.06 0.024 5.6 

E 3.0 0.10 0.058 5.55 

F 4.0 0.14 0.09 5.47 

G 5.0 0.21 0.148 5.3 
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Chapter 5 

Electrical transport properties of BN-rich h-(BN)C alloys 

 

5.1. Introduction 

Bandgap energy tuning through compositional variation in the BN-rich h-(BN)1-

x(C2)x alloys has been discussed in chapter 4. One of the very important properties of the 

h-(BN)1-x(C2)x alloys is tunability in the electrical conductivity, which is due to the 

insulating and semi-metallic nature of the h-BN and graphite, respectively. Also, h-(BN)1-

x(C2)x alloys are very interesting in the sense that the conductivity type could be 

controlled by controlling the V/III ratio (B:N ratio) during the MOCVD growth. A 

previous study reported that the unintentionally doped h-(BN)1-x(C2)x in the mid 

composition  range, h-(BN)0.5(C2)0.5, synthesized by chemical vapor deposition is p-type 

[66]. However, the origin of the carrier type has not been discussed. Electrical 

conductivity control would allow flexibility in the electronic device design. In this 

chapter, we will discuss the electrical transport properties of the BN-rich h-(BN)1-x(C2)x 

alloys including the resistivity (conductivity) control across the whole composition range, 

effect of random alloying on the carrier mobility, origin of carrier types, and carrier 

activation energy as a function of C concentration.  

5.2. Fabrication of micro Hall device  

In order to carry out Hall-effect measurements, ohmic contacts in Van der Pauw 

geometry were fabricated. Care was taken to minimize the effect of sample non-

uniformity on the measured carrier type. This was achieved via the use of square shaped 
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sample geometry with triangular ohmic contacts fabricated on the four corners of the 

sample [111-113]. The optical microscope image of a fabricated h-(BN)1-x(C2)x alloy (x = 

0.032) sample with ohmic contact (Ni/Au bilayers) geometry employed is shown in Fig. 

5-1(a). The ratio of the contact size (c) to the sample length scale (L) is about 1/7.5, a 

configuration which is expected to provide a high confidence in the measured carrier type 

[111]. Ohmic contact processing procedures for the h-(BN)1-x(C2)x alloys were similar to 

that for our pure h-BN epilayers and discussed elsewhere [17,113]. Ohmic contact 

formation was confirmed through the linear I-V profile of the fabricated devices. A 

representative I-V curve for the same sample is shown in Fig. 5-1(b).    
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Figure 5-1. (a) The optical microscope image of a representative h-(BN)1-x(C2)x alloy (x = 

0.032) sample with ohmic contact (Ni/Au bilayers) geometry employed for van der 

Pauw–Hall measurements, (b) I-V characteristic of the metal contacts used. 
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5.3. Electrical resistivity vs. C concentration 

 It has been stated earlier that electrical conductivity (resistivity) of the h-(BN)1-

x(C2)x alloys can be controlled by changing the C concentration. Figure 5-2 shows the 

room temperature electrical resistivity of the MOCVD grown h-(BN)1-x(C2)x epilayers 

with different C (x) concentrations from x = 0 (h-BN) to x = 1 (graphite). Both Van der 

Pauw and I-V characteristics measurements were performed to compare the electrical 

resistivity of the h-(BN)1-x(C2)x epilayers with different C concentrations. 
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Figure 5-2. Room-temperature resistivity (conductivity) of the h-(BN)1-x(C2)x epilayers 

with different C concentrations, including h-BN and graphite.  

The results shown in Fig. 5-2 demonstrate that we have achieved a reduction of ~ 10
15

 

orders of magnitude in the electrical resistivity from h-BN to graphite. There are several 

important characteristics to observe in the resistivity vs. composition behavior. 

Resistivity decreases by ~ 5 orders from h-BN to h-(BN)1-x(C2)x epilayer with x = 0.032, 

which means that the incorporation of a small fraction of C can improve the electrical 

conductivity significantly. This is consistent with a previous study [114]. There is an 

abrupt decrease in resistivity as the C concentration is increased from ~ 21% to ~ 38%, 
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beyond which the rate of change is very small, and above ~ 43% the resistivity change is 

negligible. This is possible due to the formation of a conducting network formed by C 

domains or C-C chain interspersed in an insulating medium. The resistivity results are 

consistent with a conduction process involving a percolating network forming conduction 

paths between domains of conductive graphite embedded in domains of h-BN. However, 

at this stage, we are not certain how the conductivity is governed in the homogeneous h-

(BN)1-x(C2)x alloys and phase separated h-(BN)1-x(C2)x epilayers. 

5.4. Variable temperature Hall-effect measurement: Results and 

discussion      

Variable temperature Hall-effect measurements were used to study the resistivity, 

carrier mobility, and concentration for the h-(BN)1-x(C2)x epilayers with different C 

concentrations. Figure 5-3 shows the variations of the resistivity, electron mobility, and 

electron concentration of the h-(BN)1-x(C2)x alloy with x = xc = 0.032 in the temperature 

range  from 650 to 820 
0
K. Due to the highly resistive nature of the h-(BN)1-x(C2)x alloys 

with low C concentrations, we were only able to measure the mobility and determine the 

electrical conductivity type at very high temperatures. Figure 5-3(a) shows the resistivity 

decreasing from 15.7 .cm at 650 
0
K to 2.6 .cm at 820 

0
K. The measured electron 

mobility decreases from 19.6 to 2.2 cm
2
/V.s, while the electron concentration increased 

from 2.6x10
16

 to 1.5x10
18

 cm
-3 

in the same temperature range (Fig. 5-3b and c). The 

results demonstrate the characteristics of a wide bandgap semiconductor. Another 

important aspect is that these alloys exhibit a mobility value as high as 15.7 cm
2
/V.s at 

650 
0
K in such an early stage of the materials development.  In comparison, the highest 
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electron mobility reported for Si doped n–type AlN, which has a comparable bandgap of 

about 6 eV, is  100 cm
2
/Vs at 600 

0
K [115]. 
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Figure 5-3. The temperature dependence of the (a) resistivity, ρ, (b) electron mobility, μ, 

and (c) electron concentration, n for the h-(BN)1-x(C2)x alloy with x = xc = 0.032. 

   

5.4.1. Effect of B-N and C-C domains on the electrical transport properties  

 Hall-effect measurements were performed on the h-(BN)1-x(C2)x epilayers with 

different C concentrations. It was found that the Hall mobility is an indication of phase 
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separation. Figure 5-4 compares the Hall mobility measured for two samples with 

different C concentrations. Figure 5-4(a) shows Hall mobility of 10 measurements carried 

out at T = 790 
0
K for the h-(BN)1-x(C2)x alloy with x = 0.032, which yielded an average 

mobility of µ ~ +3 cm
2
/V·s. The mobility data consist of a sizeable variation, however, 

unambiguously confirmed that (BN)-rich h-(BN)1-x(C2)x alloys exhibit n-type 

conductivity. On the contrary, Figure 5-4(b) shows the Hall mobility of 10 measurements 

for the phase separated h-(BN)1-x(C2)x epilayers with x = 0.06. Mobility is random and 

fluctuating between both p- and n-type. Average mobility is ~ +0.8 cm
2
/V.s with a 

standard deviation to be ~ ±3.55. Similar results were obtained for the h-(BN)1-x(C2)x 

epilayers with higher C concentrations (x = 0.06 to 0.21). This could be attributed to the 

scattering of carriers at the boundaries between B-N and C-C domains. 
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Figure 5-4. Mobility data obtained by Hall-effect measurements carried out at 790 
0
K for 

(a) a homogeneous h-(BN)1-x(C2)x alloy with x = 0.032, (b) a phase separated h-(BN)1-

x(C2)x epilayer with x = 0.06. In the experimental setup, +μ means electron conduction 

and −μ means hole conduction. 
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5.4.2. Origin of n-type conductivity of the h-(BN)1-x(C2)x alloys  

As discussed earlier, h-(BN)1-x(C2)x alloys in the BN-rich side are n-type. We 

investigated the origin of the n-type conductivity in our h-(BN)1-x(C2)x alloys using XPS 

chemical bonding analysis. Figure 5-5(a) shows XPS spectra of the C 1s core level for h-

(BN)1-x(C2)x alloy with x = 0.032. The spectrum was fitted by subtracting a Shirley 

background [116] with a Gauss-Lorentz function. The peak was shifted with respect to 

the fortuitous carbon before any analysis is made. Spectrum 1 shows the main peak at 

284.8 eV, which is similar to that of sp
2
 bonded C-C (graphite). However, the full width 

at half maximum (FWHM) of this peak is 1.55 eV, which is significantly higher than our 

graphite (0.69 eV) sample grown under similar conditions. This confirms that there is a 

significant contribution from C-B and C-N bonds in this alloy system. Indeed, there are 

two additional peaks in both sides of the main peak, indicated as spectrum 2 and 

spectrum 3, respectively. The lower energy peak at 283.3 eV (spectrum 2) is due to C 

bonding with B (C-B) [66,92,117,118]. The higher energy peak at 286.0 eV (spectrum 3) 

is due to C bonding with N (C-N) [66,93,119].  

The presence of specific bonding states has consequences on the conductivity 

type of unintentionally doped (BN)-rich h-(BN)1-x(C2)x alloys [58]. For example, the 

observation of C-N bonds in (BN)-rich h-(BN)1-x(C2)x alloys represents the scenario of a 

fraction of C atoms replacing B (CB), in which C atoms act as n-type dopants, which is 

schematically shown in Fig. 5-5(b). On the other hand, the presence of C-B bonds in 

(BN)-rich h-(BN)1-x(C2)x alloys means that a fraction of C atoms are replacing N (CN) 

and C act as p-type dopants, which is schematically shown in Fig. 5-5(c). Detail studies 
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of the B 1s and N 1s peaks and their bonding states are essential in the understanding of 

the formation of h-(BN)1-x(C2)x alloys, which has been discussed in chapter 4. However, 

further analysis of B 1s and N 1s spectra does not provide useful information regarding 

the electrical conductivity type. 

For the h-(BN)1-x(C2)x alloy with x = 0.032, C-N peak (286.0 eV) intensity is 

stronger than the C-B peak (283.3 eV). The corresponding integrated intensity (peak x 

area) of the C-N peak is about 1.6 times larger than the C-B peak. XPS results shown in 

Fig. 5-5(a) thus imply that the films contain more C-N bonds than C-B bonds, which 

means that more C atoms are replacing B than those replacing N, which may account for 

the observed n-type conductivity in (BN)-rich h-(BN)1-x(C2)x alloys. This interpretation is 

also consistent with the understanding from the point of view of bond energies among 

different bonds in h-(BN)1-x(C2)x alloy: B-N (4.00 eV) > C-C (3.71 eV) > C-N (2.83 eV) 

> C-B (2.59 eV) > B-B (2.32 eV) > N-N (2.11 eV) [89]. The formation of C-N bonds is 

more favorable than the formation of C-B bonds due to the larger bond energy of C-N 

bond [89]. Although most C atoms incorporate into h-(BN)1-x(C2)x alloys as pairs due to 

the relatively large C-C bond energy, from the statistics point of view, there is always a 

certain fraction of C remains in the isolated state, which can either replace B to provide 

n-type dopants or replace N to provide p-type dopants. Also, from the formation energy 

point of view, the formation of C-N bond is also more favorable than C-B bond [47]. The 

presence of more C-N bonds than C-B bonds makes undoped (BN)-rich h-(BN)1-x(C2)x 

semiconductor alloys n-type. Thus the XPS results corroborate the Hall-effect 

measurement results. A very small fraction of excess C-N bonds ( 10
19

/10
22

) can have a 

significant effect on the electrical conductivity type but not on the variation in 
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composition.  Therefore, it is difficult to detect and quantify the variation in composition 

due to the presence of excess C-N bonds. 
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Figure 5-5. (a) XPS spectra of C 1s photoelectrons for the h-(BN)1-x(C2)x alloy with   = 

0.032. Schematic illustrations of (b) C-N and (c) C-B bonds in (BN)-rich h-(BN)1-x(C2)x 

alloys, where C-N bond is favorable than C-B bond due to their inherent bonding energy. 

 

5.5. Activation energy variation with C concentration 

As discussed in the section 5.4, Hall-effect measurements at variable temperatures 

were performed for the BN-rich h-(BN)1-x(C2)x epilayers. Also, it was mentioned that 

mobility (carrier concentration) was random for the h-(BN)1-x(C2)x epilayers with x > xc 

(0.032). Thus, in order to estimate the activation energies of carriers with different C 

concentrations, resistivity data was used instead of carrier concentration. Variable 

temperature Hall-effect measurement data for the two representative h-(BN)1-x(C2)x 

epilayers with x = 0.032 (random alloy) and x = 0.21 (phase separated) are shown in Fig. 

5-6. Figure 5-6(a) shows the measured resistivity at temperatures ranging from 650 
0
K to 

825 
0
K (could not measure resistivity at lower temperatures) for the h-(BN)1-x(C2)x alloy 
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with x = 0.032. Inset shows the Arrhenius plot, where activation energy was obtained 

using the following equation 

Tk

E

B

D 1000

1000
)ln()ln( 0                                                                             (5-1) 

The value of ED obtained was ~ 475 meV. Figure 5-6(b) shows the resistivity of 

the h-(BN)1-x(C2)x epilayer with x = 0.21 at temperatures ranging from 200 
0
K to 750 

0
K. 

Inset shows the Arrhenius plot which deduce the activation energy of ~ 97 meV.  
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Figure 5-6. Resistivity of h-(BN)1-x(C2)x epilayers with (a) x = 0.032 and (b) x = 0.21 

measured at variable temperatures. Insets show the Arrhenius plots of the electrical 

resistivity to deduce the activation energy.      

 Similar analysis were made for other samples ((samples D, E, and F, as described 

in chapter 4)) and activation energies were obtained. The activation energy is plotted as a 

function of x in h-(BN)1-x(C2)x in Fig. 5-7. The activation energy decreases from ~ 475 

meV to ~ 100 meV for the h-(BN)1-x(C2)x epilayer with x = 0.032 to x = 0.21. This 

suggests that at the same temperature, carrier concentration will be higher for the h-

(BN)1-x(C2)x epilayers with higher x. Decrease of activation energy is demonstrated with 

an increase of C concentration in the polycrystalline (about amorphous) BNC thin films 

on fused silica substrates grown by PACVD at 650 
0
C [103]. Activation energies 

described in ref. [103] is ~ 2-3 times higher than our  results. This could be due to the fact 

that their BNC thin films are amorphous and hence conductivity is lower. Also, growth 

process and substrate are different from our work. The activation energy is possibly due 
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to the dominant carriers generated by the ionization of the donor impurity level. Our 

experimental results obtained for h-(BN)1-x(C2)x epilayers behave similar to that found for 

InGaN alloys [120]. Although, the existence of two donor levels could not be confirmed 

for h-(BN)1-x(C2)x epilayers.      

 

 

Figure 5-7. Electrical conductivity activation energy of h-(BN)1-x(C2)x epilayers plotted 

as a function of the C composition. 

 

5.6. Conclusion 

 In summary, thin films of (BN)-rich h-(BN)1-x(C2)x semiconductor alloys were 

synthesized by MOCVD. Hall-effect measurements revealed that these alloys are 

naturally n-type exhibiting an electron mobility of about 20 cm
2
/Vs at 650 

0
K. XPS 

chemical bonding analysis revealed that these MOCVD grown alloy films contain more 

C-N bonds than C-B bonds, making (BN)-rich h-(BN)1-x(C2)x alloys naturally n-type. 
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Resistivity was varied from ~ 5 x 10
11

 Ω-cm for pure h-BN (x = 0) to ~ 1x 10
-3

 Ω-cm for 

graphite (x = 1). Activation energy of carriers decreases from ~ 475 meV for h-(BN)1-

x(C2)x epilayer with x = 0.032 to ~ 96 meV for h-(BN)1-x(C2)x epilayer with x = 0.21.  
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Chapter 6 

h-(BN)C alloys in the C-rich side 

 

6.1. Introduction 

 The h-(BN)1-x(C2)x alloys in the C-rich side are of great interest due to their ability 

to provide unprecedented degree of freedom in the infrared (IR) detector and electronic 

device design. As the BN composition increases or C composition decreases, the energy 

gap for h-(BN)1-x(C2)x alloy gradually increases from zero for graphene to ~ 6.5 eV for h-

BN. The spectral range is even larger than that of InAlGaN alloy system, which provides 

a tunable bandgap from 0.7 eV (InN) to 3.4 eV (GaN) to 6.1 eV (AlN). The band gap 

energy tunability in the C-rich side could result in IR detector applications that span the 

short wavelength IR (SWIR: 1–3 μm), middle wavelength (MWIR: 3–5 μm), long 

wavelength (LWIR: 8–14 μm) and very long wavelength (VLWIR:14–30 μm) range. C-

rich h-(BN)1-x(C2)x alloys would serve as a guideline for bandgap tuning in single or few 

layer graphene, as the bandgap opening in graphene and graphite follows a fairly similar 

process [121]. These materials can serve as an ideal platform to probe physics of narrow 

bandgap semiconductors in layer structured form. Furthermore, C-rich h-(BN)1-x(C2)x 

alloys would address the major challenges facing the emerging 2D materials and opens 

up new realm for novel physical properties and device exploration.    

Recently there has been few studies on the synthesis of atomic layers of h-(BN)1-

x(C2)x materials in the C-rich side [93,122]. The h-(BN)C materials (~ 1 nm thick) with ~ 

94.4% carbon concentration were obtained on Cu foil at 1000 
0
C by chemical vapor 
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deposition (CVD) [93]. However, these layers were phase separated to randomly 

distributed domains of h-BN and C phases, as it is expected at a low growth temperature 

[90]. Moreover, phase separated h-(BN)C materials on Cu foil is not suitable for 

technologically significant device applications. In this chapter, synthesis and 

characterization of wafer scale h-(BN)1-x(C2)x alloys in the C-rich side will be discussed. 

Hall-effect in conjunction with x-ray photoelectron spectroscopy (XPS) measurements 

revealed that the carrier type in C-rich h-(BN)1-x(C2)x alloys is controlled by the 

stoichiometry ratio between the B and N via changing the V/III ratio during the growth. 

Variable temperature Hall-effect and Raman spectroscopy studies suggested that 

homogenous h-(BN)1-x(C2)x alloy can be formed for x  0.95 and the bandgap of h-(BN)1-

x(C2)x alloy with x = 0.95 is about 93 meV. 

h-(BN)1-x(C2)x epilayers of 100 nm thick were synthesized on h-BN/c-plane 

sapphire substrates. Triethylboron (TEB), ammonia (NH3), and propane (C3H8) were 

used as B, N, and C precursors, respectively. Samples were grown using nitrogen as a 

carrier gas at 1300 
0
C. Eleven samples were grown using NH3 flow rates of 1.0, 1.2, 1.4, 

1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, and 3.0 standard cubic centimeters per minute (sccm). 

Both TEB and C3H8 flow rates were kept constant at 0.18 sccm and 20 sccm, 

respectively. Figure 6-1 shows the schematic structure of the h-(BN)1-x(C2)x epilayers.  
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Figure 6-1. Schematic of the C-rich  h-(BN)1-x(C2)x epilayers.    

 Figure 6-2(a) and (b) show the optical micrographs of our graphite and a h-(BN)1-

x(C2)x alloy grown under 1 sccm NH3 flow rate. Both samples appear to be black. Based 

on the energy bandgap value of graphite (zero gap) and h-(BN)1-x(C2)x epilayers with 

large values of x should appear black under the visible light. 
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Figure 6-2. Optical micrographs of (a) graphite and (b) h-(BN)1-x(C2)x alloy with x = 

0.95. 

 

6.2. Crystalline structure of the h-(BN)1-x(C2)x alloys   

After successful synthesis of the h-(BN)1-x(C2)x epilayers with different NH3 flow 

rates (V/III ratio), x-ray diffraction (XRD) was employed to study the crystalline quality 

of the epilayers and estimate the lattice constant. Figure 6-3 shows the long-range XRD 

θ-2θ scan of pure h-BN, graphite, and the h-(BN)1-x(C2)x alloys with x = 0.032 and 0.95. 

As we can see, all these samples show the peak related to the hexagonal phase and no 

other phase was identified. Peak positions for all the samples are shown in Table 6-1. 

Peak position for the h-BN epilayer is at 26.58
0
, where peak positions for the h-(BN)1-
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x(C2)x alloys decreased with an increase in C concentration. The peak position shift with 

an increase of C concentration from pure h-BN to graphite is expected as the peak 

positions shift from 26.73
0
 to 26.54

0
 from bulk h-BN to graphite (corresponding 'c' lattice 

parameters are 6.66 Å and 6.70 Å, respectively [123]). Although, crystalline quality of 

our samples are not very high and the linewidth is very broad, a shift in the 2θ peak 

position confirms the alloy formation in our h-(BN)1-x(C2)x epilayers. The larger c lattice 

constants of our samples could be due to the following facts: (1) h-(BN)1-x(C2)x alloys are 

grown on h-BN templates and experience a "compressive"-like strain in the a-plane, (2) 

crystalline quality of the h-(BN)1-x(C2)x alloys is not as good as h-BN epilayers, as we 

have found that c lattice constant of h-BN epilayers decreases and approaches the bulk 

value as the crystalline quality improves, and (3) large differences in thermal expansion 

coefficient between h-BN and sapphire.  
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Figure 6-3. XRD θ-2θ scans of (a) h-BN, (b) h-(BN)1-x(C2)x alloy with x = 0.032, (c) h-

(BN)1-x(C2)x alloy with x = 0.95, and (d) graphite grown on c-plane sapphire substrates. 
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Table 6-1. θ-2θ peak positions of h-BN, graphite, and h-(BN)1-x(C2)x alloys with x = 

0.032 and 0.95. 

 

x in h-(BN)1-x(C2)x  2θ peak (deg.)  c (Å) 

0.0  26.58  6.70 

0.032  26.48  6.72 

0.950  26.42  6.73 

1.0  26.38  6.74 

 

6.3. Surface morphology of the h-(BN)1-x(C2)x alloys 

 We have studied the surface morphology of the h-(BN)1-x(C2)x alloys using 

optical microscopy. Figure 6-4 shows the optical microscope image of the h-(BN)1-x(C2)x 

epilayer grown under 1 sccm NH3 flow rate (x = 0.95). The surface is quite uniform with 

almost no color variation.  
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Figure 6-4. Optical microscope image of the h-(BN)1-x(C2)x alloy with x = 0.95. 

Surface morphology of the h-(BN)1-x(C2)x epilayers with different C 

concentrations were also studied using atomic force microscopy. Figure 6-5 shows the 

3D image of the surface morphology of the h-(BN)1-x(C2)x alloy with x = 0.95. The 

surface is smooth except few large particles on the surface, which result in an root mean 

square (rms) roguhness of ~ 3.23 nm.     
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Figure 6-5. AFM image of the h-(BN)1-x(C2)x alloy with x = 0.95. 

6.4. XPS study of the h-(BN)1-x(C2)x alloys 

X-ray photoelectron spectroscopy (XPS) measurements were performed to 

determine atomic composition and identify any impurity in our graphite and C-rich h-

(BN)1-x(C2)x epilayers. Initial survey scans were done to identify the elements present in 

the samples. The samples were contaminated with moisture and oxygen after being 

exposed to the ambient. To eliminate the surface contaminations before XPS 

measurements, we followed the procedure of low energy Ar
+
 ion soft etching, which 

completely removed surface contaminations, such as carbon and oxygen. Figure 6-6 

shows the low resolution survey spectra of the graphite and a representative h-(BN)1-

x(C2)x epilayer with x = 0.95. 
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Figure 6-6. Survey spectra of (a) graphite and  (b) a representative h-(BN)1-x(C2)x epilayer 

with x = 0.95. 
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It is evident that there is no other transitions except C 1s for the graphite sample 

and B 1s, N 1s, and C 1s for the h-(BN)1-x(C2)x epilayer. Presence of small amount of Ar 

is due to the Ar
+
 ion soft etching to remove the surface contaminations. 

Atomic composition of the C-rich h-(BN)1-x(C2)x epilayers were obtained from 

high resolution tight scans, taken for sufficiently long time to ensure a higher signal to 

noise ratio for the weaker signals (B 1s and N 1s). Atomic composition was obtained 

across depth in the epilayers (depth profile) and measured at several locations in the same 

sample to study the sample uniformity [124]. Peak area sensitivity factor in the Multipak 

software was used (discussed in chapter 2) to obtain the atomic composition which is 

accurate to ~ ± 0.1 at.%. Figure 6-7 shows the atomic composition across depth for the h-

(BN)1-x(C2)x epilayers grown under 1, 2, and 3 sccm NH3 flow rates. Figure 6-7(a) is the 

depth profile B atomic percent. It clearly shows that atomic concentration of B is 

increasing with an increase of NH3 flow rate. Although, it is slightly different for the 

sample with 3 sccm NH3 flow rate, which is not uniform across the depth. We are not 

sure why the uniformity of the sample with 3 sccm NH3 flow rate is not as good as other 

samples. Figure 6-7(b) shows the depth profile of N atomic composition. This behavior is 

also similar to the depth profile of B, where atomic concentration of N increases with an 

increase of NH3 flow rate. Figure 6-7(c) plots the depth profile atomic percent of C for 

the three samples. We can see that atomic concentration of C is decreasing with an 

increase in the NH3 flow rate, which is opposite to the B and N behavior. Also, atomic 

composition of C is uniform across depth for the samples with 1 and 2 sccm NH3 flow 

rates, however, not uniform for the sample with 3 sccm NH3 flow rate.    
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Figure 6-7. Depth profile atomic composition of (a) B, (b) N, and (c) C, for the h-(BN)1-

x(C2)x epilayers grown under 1, 2, and 3 sccm NH3 flow rates.   

To present the results in a different way, Fig. 6-8 compares the atomic 

composition of B and N for each sample. Atomic percent of B is more than N (except for 

the surface, which is contaminated by impurity from ambient) for the h-(BN)1-x(C2)x 

epilayer grown under 1 sccm NH3 flow rate (Fig. 6-8a). Similarly, atomic composition of 

B is more than N in the sample with 2 sccm NH3 flow rate (Fig. 6-8b), however, 
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difference between them is less than that of 1 sccm NH3 flow rate. However, for the 

sample with 3 sccm NH3 flow rate, atomic composition of N is more than that of B. B 

and N ratio (V/III ratio) has direct effect on the electrical transport properties of the h-

(BN)1-x(C2)x epilayers, which will be discussed in section 6.5.               
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Figure 6-8. Depth profile atomic composition of B and N for the h-(BN)1-x(C2)x epilayers 

grown under (a) 1, (b) 2, and (c) 3 sccm NH3 flow rates. V/III ratio is increasing with an 

increase of NH3 flow rate.   

Figures 6-7 and 6-8 show the depth profile atomic composition taken from one 

measurement spot (100 x 100 µm
2
) area of each sample. To understand the distribution of 

atoms across the whole wafer, XPS data was taken from multiple spots (5 measurement 

spots) of each sample and an average was taken. Table 6-2 shows the average  B, N, and 

C concentrations for the h-(BN)1-x(C2)x epilayers grown under 1, 2, and 3 sccm NH3 flow 

rates. Quantification of errors were originated from slight composition variations, when 
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XPS spectra were taken from different regions of a given sample. Small error margin 

suggests that the atomic compositions are fairly stable across the samples, which 

indicates our samples are uniform. XPS results show that x (C concentration) decreases 

almost linearly with an increase in NH3 flow rate. This is due to the increase in BN 

fraction in the h-(BN)1-x(C2)x epilayers with an increase in N (NH3 flow rate). 

Consequently, a linear interpolation is used to estimate the C concentration in other 

samples. It is important to note from Table 6-2 that we can slightly vary the stoichiometry 

ratio between B and N in the h-(BN)1-x(C2)x epilayers by varying the NH3 flow rate and 

that the N concentration increases with an increase in NH3 flow rate. 

 

Table 6-2. Average atomic compositions of h-(BN)1-x(C2)x epilayers obtained from 

multiple measurements of a given sample. 

 
NH3 flow rate (sccm) At.% B At.% N At.% C 

1 3.0 ± 0.2 2.0 ± 0.2 95.0 ± 0.3 

2 3.6 ± 0.2 3.1 ± 0.2 93.3 ± 0.5 

3 3.9 ± 0.3 4.6 ± 0.3 91.5 ± 0.6 

 

6.5. Room temperature electrical transport properties of the C-rich h-

(BN)1-x(C2)x alloys      

Hall-effect measurements were employed to study the electrical transport 

properties of the h-(BN)1-x(C2)x epilayers with different V/III ratio (C concentration). 

Room temperature resistivity, carrier mobility, and carrier concentration were obtained 

for all samples. Efforts were made to minimize the impact of possible sample non-

uniformity on the measured carrier type and concentrations. This was achieved via the 
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use of square shaped sample geometry with small ohmic contacts fabricated on the four 

corners of the sample surface, as described in chapter 5. Room temperature Hall-effect 

measurement results are described using Fig. 6-9. Figure 6-9(a) shows the room 

temperature mobility and carrier concentration of h-(BN)1-x(C2)x epilayers as a function 

of the NH3 flow rate. Remarkably, the results shown in Fig. 6-9(a) indicate that the 

carrier type is p-type for samples grown under NH3 flow rates below 2.1 sccm and n-type 

for the samples grown under NH3 flow rates above 2.1 sccm. One unique aspect of the C-

rich h-(BN)1-x(C2)x alloys is that they can be viewed as B and N co-doped materials, 

where B atoms behave as p-type dopants and N atoms behaved a n-type dopants. When 

the NH3 flow rate is below 2.1 sccm, there are fewer N atoms than B atoms in the 

materials and hence p-type conductivity dominates. Supplying more N atoms to the 

reaction zone by increasing the NH3 flow rate to above 2.1 sccm produces materials with 

more N atoms than B atoms and hence n-type conductivity prevails. Hall-effect 

measurement results are further corroborated by the atomic compositions obtained from 

XPS measurements shown in Table 6-1. It was shown that samples grown under 1 and 2 

sccm NH3 flow rates have lower N concentration ([N] = 2.0%) than B ([B] = 3.0%) for 1 

sccm NH3 flow rate and ([N] = 3.1%) than ([B] = 3.6%) for 2 sccm NH3 flow rate, while 

the sample grown under 3 sccm NH3 flow rate has higher N concentration ([N] = 4.6%) 

than ([B] = 3.9%). At 2.1 sccm NH3 flow rate, the concentration of B and N atoms are 

equal and transition from p- to n-type conductivity occurs. Stated in a different way, 

when grown under NH3 flow rate of 2.1 sccm, these alloys have 1:1 stoichiometry ratio 

between B and N atoms, [B] = [N]. 
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Figure 6-9. (a) Mobility and carrier concentration of h-(BN)1-x(C2)x epilayers grown 

under different NH3 flow rates. The carrier type in the alloys is p-type for NH3 flow rates 

below 2.1 sccm and changes to n-type for NH3 flow rates above 2.1 sccm. (b) Carrier 

mobility as a function of inverse concentration plot, µ vs. (1/n, 1/p), showing the same 

dependence for electrons and holes. (c) Resistivity of h-(BN)1-x(C2)x epilayers grown 

under different NH3 flow rates. Resistivity of our graphite and B doped graphite sample 

is included. 

There are several other important physical phenomena to observe in Fig. 6-9(a). It 

can be seen that the carrier concentrations at room temperature for both p- and n-type C-

rich h-(BN)1-x(C2)x epilayers are relatively high (~ 1.5 x 10
20

 cm
-3

). This could be 

attributed to the following two factors: (1) the doping levels of N or B dopants are very 

high, since B, N, C atoms form alloys and even a small local compositional fluctuation of 

0.5% would translate into a doping level of 5 x 10
19

 cm
-3

 and (2) the energy bandgaps of 

C-rich h-(BN)1-x(C2)x alloys are small and the energy level of the B acceptors (N donors) 

in these materials is expected to be very shallow or possibly even lie in the valence 

(conduction) band.  
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The electron and hole mobilities ( e and h ) and concentrations (n or p) are quite 

comparable and their dependences on the NH3 flow rate are almost symmetric around 

NH3 = 2.1 sccm. The results suggest that effective masses of electrons and holes ( *em or 

*hm ) in the C-rich h-(BN)1-x(C2)x alloys must be comparable, similar to the cases of 

single sheet h-BN [106,125]. However, it is not clear to us at this stage, why the free 

carrier concentrations are almost independent of the of the NH3 flow rate except around 

the transition region. Self compensation could be a possible cause for this behavior, 

similar to that observed in heavily Ge and C co-doped GaAs thin films [126,127]. 

It is expected that ionized impurity scattering is a dominant mechanism in 

determining the carrier mobilities at room temperature in the C-rich h-(BN)1-x(C2)x alloys. 

In this case, the scattering rate, , is proportional to the ionized impurity concentration, 

which, to the first order is the same as the free carrier concentration due to small energy 

bandgap of these samples. It is thus,  

           ),(, pnNN AD 


                                                                                        (6-1) 

So, for electrons,  
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Since
e

n n
e


  , we therefore have 

n

n
n

ee
C



 1
 , where nn    and are the n-type 

conductivity and resistivity, respectively. Based on Eq. 6-2, a linear relationship between

e and n/1  is expected with a slope of Cn.  Similarly for holes we have,  

                                                                                              

                                                                                                                                        (6-3) 

where 
p

p

p
ee

C


 1
 , pp    and are the p-type conductivity and resistivity, 

respectively. Therefore, a linear relationship between h and 1/p is also expected with a 

slope of Cp. Figure 6-9(b) shows mobility vs. the inverse of carrier concentration,

11    vs. and    vs.  pn he  . Although the experimental data points are clustered at the high 

carrier concentration regions, linear relationships between e and 1/n and p and 1/p are 

evident with C n= Cp. The fact that the linear fit line passing through all the data points as 

well as the origin further suggests that the results are consistent with Eqs. 6-2 and 6-3.  

Based on the results shown in Fig. 6-9(b), following conclusions could be drawn: (1) the 

conductivity (resistivity) is similar for both n- and p-type C-rich h-(BN)1-x(C2)x epilayers; 

and (2) the carrier mobility depends only on the carrier concentration near room 

temperature. The justification of the above explanation and conclusion (1) can be done 

using the Fig. 6-9(c), which shows the measured resistivity of the h-(BN)1-x(C2)x epilayers 

with different NH3 flow rates is fairly constant (~ 2.8 x 10
-3

 Ω-cm). The figure also 
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shows the resistivity of our undoped graphite (which is ~ 50%) and B doped graphite 

(which is ~ 25%) of the C-rich h-(BN)1-x(C2)x epilayers.    

            Another important phenomenon could be observed from Fig. 6-9(a) is that room 

temperature mobility for both p- and n-type h-(BN)1-x(C2)x epilayers are ~ 15 cm
2
/Vs, 

which is approximately one order lower than B- or N-doped single layer graphene [128-

130], however is comparable to or slightly higher than atomic layers of h-(BN)C 

materials containing separated BN and C domains [93]. The reason for a lower carrier 

mobility of our samples compared to B- or N-doped single layer graphene is due to the 

much higher free carrier concentrations in these alloys. 

 From our experimental results, it is understood that there are distinctive 

differences between C-rich h-(BN)1-x(C2)x alloys and conventional III-Nitride alloys in 

terms of how they are formed. The formation of ternary InxGa1-xN or AlxGa1-xN alloys 

involves the random mixing of group III-atoms only. However, h-(BN)1-x(C2)x alloys are 

formed through the incorporation of group-III (B) and group-V (N) atoms into the group-

IV (C in graphite lattice), in which B and N may also serve as dopants. At this stage, we 

are not sure about the co-doping process. It must be different if we consider that C atoms 

are just substituted by B and N atoms or if we consider B and N atoms are on adjacent 

lattice sites versus being positioned on the second or third nearest neighbors. Based on 

the simplified picture of substitution, B could replace C to give rise to p-type 

conductivity and N could replace C to give rise to n-type conductivity. As a result, a 

slight deviation from the ideal (1:1) stoichiometry ratio between B and N could have 

strong influences on the conductivity type of C-rich h-(BN)1-x(C2)x alloys. 
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6.6. Intrinsic conduction in the h-(BN)1-x(C2)x alloys and determination 

of critical BN concentration using variable temperature Hall-effect 

measurement 

              In section 6.5, we have studied the origin of carrier types of the C-rich h-(BN)1 

x(C2)x epilayers from XPS and room temperature Hall-effect measurements. In this 

section, variable temperature Hall-effect measurements will be used to determine the 

carrier activation energies of the h-(BN)1-x(C2)x epilayers grown under different NH3 flow 

rate (C concentrations). Figure 6-10 shows the temperature dependence of the free hole 

concentration (p) for the h-(BN)1-x(C2)x epilayer with x = 0.95 (corresponding NH3 flow 

rate = 1 sccm) obtained from Van der Pauw Hall-effect measurements in the temperature 

range of 175-800 
0
K. The temperature dependence of the carriers follows the similar 

behavior of typical narrow bandgap semiconductor materials with two distinct regimes 

[131]. In the medium or low temperature region, the carrier concentration is nearly 

saturated and independent of (or only weakly dependent on) the temperature due to the 

fact that all acceptors are ionized. In the high temperature region, the carrier 

concentration is nearly intrinsic. The crossover between the saturation to the intrinsic 

regime occurs around 350 
0
K. Arrhenius plot of the carrier concentration in the intrinsic 

conduction regime is shown in the inset of Fig. 6-10(a). Hole concentration (p) and 

energy gap (Eg) can be expressed in terms of temperature using the following relation 

           )
2

exp(
Tk

E
p

b

g
                                                                                                 (6-4) 

where bk  is the Boltzman constant. The fitted value of Eg obtained for the h-(BN)1-x(C2)x 

alloy with x = 0.95 is ~ 93 meV [124]. 
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Figure 6-10. (a) Temperature dependent hole concentration plotted in the scale of ln (p) 

vs. 1/T for an h-(BN)1-x(C2)x sample with x = 0.95. The temperature dependence of the 

free carrier concentration shows a typical behavior of narrow gap semiconductors 

consisting of both saturation and intrinsic carrier conduction regime. Inset shows ln (p) 
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vs. 1/T plot for the intrinsic region, from which a bandgap Eg ~ 93 meV is obtained. (b) 

Plot of the bandgap energy of h-(BN)1-x(C2)x alloys vs. carbon concentration (x) in the C-

rich side obtained from Eq. 6-4 with Eg (h-BN) = 6.4 eV, Eg (C) = 0 eV, and the bowing 

parameter of b = 4.8 eV. The activation energy (or the bandgap) value of h-(BN)1-x(C2)x 

with x = 0.95 is marked as a solid circle on the plot of the band gap variation of h-(BN)1-

x(C2)x with x. Activation energies of h-(BN)1-x(C2)x epilayers with x < 0.95 are also shown 

as solid squares, which deviate from the plot of the band gap variation of h-(BN)1-x(C2)x 

with x. 

Bandgap opening in graphene is critical for electronic device applications. There 

have been numerous studies on tuning the bandgap of graphene through applying an 

external electric field to break the valence and conduction band symmetry near the Dirac 

point [132-135]. Most of these studies employed the measurement of transistor current 

[128,129,136]. Besides, several other techniques including doping graphene by B and N 

[137], hybrids such as (BN)C semiconductors and (BN)C nanotubes, quantum 

confinement through synthesize of graphene nanoribbons [138], and bandgap opening by 

patterning graphene [139] has been used to open a small bandgap in graphene. Recent 

theoretical calculations [140] suggest that it is possible to tune the bandgap in graphene 

directly via BN doping. In this work, we have demonstrated the bandgap opening in 

graphite via alloying with B and N atoms. The bandgap value obtained from Fig. 6-10(a) 

can be further confirmed by comparing the measured Eg value with that of expected. The 

expected bandgap variation of homogeneous h-(BN)1-x(C2)x alloys with x is shown in Fig. 

6-10(b) for the C-rich side, which was obtained using the following relation described in 

chapter 4 

xxbCxEBNhExCBNhE ggxxg )1()()()1(])()([ 21                        (6-5) 

where values of Eg (h-BN) = 6.4 eV, Eg (C) = 0 eV, and the bowing parameter, b = 4.8 eV 

were used. Based on Eq. 6-5 and Fig. 6-10(b), for an h-(BN)1-x(C2)x alloy with x = 0.95, 
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Eg = 91 meV is deduced, which agrees almost perfectly with a value of ~ 93 meV 

obtained from the temperature dependent carrier concentration presented in the inset of 

Fig. 6-10(a). This excellent agreement between the measured and expected bandgap 

values provides strong evidence that homogenous h-(BN)1-x(C2)x alloys with x  0.95 can 

be synthesized by MOCVD at a growth temperature of 1300 
0
C. The bowing parameter, 

b, was obtained by fitting Eq. 6-5 using Eg (h-BN) (x = 0) = 6.4 eV, Eg (graphite) (x = 1) 

= 0 eV, and Eg (BNC2) (x = 0.5) = 2.0 eV [66], which was also used to describe the 

bandgap variation in (BN)-rich h-(BN)1-x(C2)x alloy alloys described in chapter 4. 

Although the bowing parameter, b, of h-(BN)C alloys is still not very certain at this point 

due to the few experimental data points available, the excellent agreement between the 

energy gap values deduced from Eq. 6-5 and Fig. 6-10(b) and from Hall-effect 

measurement results in Fig. 6-10(a) seems to suggest that Eq. 6-5 and the bowing 

parameter used quite satisfactorily describe the energy band gap variation of h-(BN)1-

x(C2)x alloys. 

           Similar temperature dependent Hall-effect measurements were carried out for all 

the h-(BN)1-x(C2)x epilayers with carbon concentrations, x < 0.95. The measured thermal 

activation energies for h-(BN)1-x(C2)x epilayers with x < 0.95 vary from ~ 32 meV to ~ 45 

meV, shown as solid black rectangles in Figure 6-10 (b). These values largely deviate 

from the expected Eg (red solid curve) for the h-(BN)1-x(C2)x alloys with corresponding C 

concentrations. The activation energies obtained for the h-(BN)1-x(C2)x epilayers with x < 

0.95 are similar to those of lightly B- or N-doped graphite. This is probably an indication 

that phase separation and the formation of separate C-C and B-N domains occurred in h-

(BN)1-x(C2)x  epilayers with x < 0.95. 
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6.7. Alloying in the h-(BN)1-x(C2)x epilayers - Raman spectroscopy study 

 Raman spectroscopy has been utilized previously as a non-destructive technique 

to study the phase separation and phase inhomogeneity in InGaN alloys [141-143]. It is 

also an indispensable tool to study the h-BN and carbon nanomaterials. We have 

employed Raman spectroscopy measurements to study the phase separation in the C-rich 

h-(BN)1-x(C2)x alloys. Figure 6-11(a) shows the Raman spectra of our h-BN, graphite, and 

selected h-(BN)1-x(C2)x epilayers in the C-rich side. Raman spectrum of graphite exhibits 

the typical characteristic graphitic E2g (G) vibration peak at 1588 cm
-1

 and the defect 

induced D peak at 1345 cm
-1

 [144,145]. The Raman spectra of our h-(BN)1-x(C2)x 

epilayers with x < 0.95 show that the G peak and the D peak both are at the same 

positions as those in graphite. The results for these samples thus suggest that separate C-

C and B-N domains form and compositions in the h-(BN)1-x(C2)x epilayers are phase 

separated. As the atomic composition of C is very high (C:BN ~ 9:1), these samples 

behave similar to graphite. Moreover, the intensity and full width at half maximum 

(FWHM) of the E2g mode of these samples are similar to that of the graphite (~ 35 cm
-1

). 

In contrast, the Raman spectrum of the h-(BN)1-x(C2)x alloy with x = 0.95 (black solid 

line) shows that the G peak shifted to 1576 cm
-1

, towards the characteristic E2g symmetry 

vibration in h-BN at 1370 cm
-1

 [106]. Raman results are thus consistent with our 

conclusions obtained from the electrical transport measurement results discussed in 

section 6.6. Measured E2g peak position vs. x in h-(BN)1-x(C2)x alloys are shown in Fig. 6-

11(b). Typically the formation of homogeneous alloys causes a shift in the Raman 

spectral peak that varies linearly according to the peak positions of the constituent atoms 
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or binary compounds [143]. For homogeneous C-rich h-(BN)1-x(C2)x alloys, the Raman 

peak position is expected to shift towards lower frequency with a decrease of x. The 

observed Raman peak shift for h-(BN)1-x(C2)x alloy with x = 0.95 thus corroborates the 

Hall-effect measurement results and further suggests the formation of homogeneous C-

rich h-(BN)1-x(C2)x alloys with x  0.95. 
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Figure 6-11. (a) Raman spectra of h-BN (x = 0), graphite (x = 1), and selected h-(BN)1-

x(C2)x epilayers grown at different NH3 flow rates. The G peak at 1576 cm
-1

 of the h-

(BN)1-x(C2)x alloy with x = 0.95 (1 sccm NH3 flow rate) shifts towards the sp
2
 bonded h-

BN vibrational peak (1370 cm
-1

), which is a signature of formation of homogenous h-

(BN)C alloy. (b) E2g vibration peak position vs. x in h-(BN)1-x(C2)x showing peak 

positions for h-BN, graphite, and h-(BN)1-x(C2)x alloy with x = 0.95. The dashed line is a 

guide to the eyes. 

 

6.8. FTIR studies of the h-(BN)1-x(C2)x alloys 

 IR spectroscopy provides direct information about the local bonding environment 

of the constituent atoms in a material system and many cases it is a complementary 

technique to Raman spectroscopy. We have used Fourier transform infrared spectroscopy 

(FTIR) to study the local bonding environment of the h-(BN)1-x(C2)x epilayers with 

different C concentrations. Figure 6-12 shows the FTIR spectra of our h-BN, graphite, 

and two representative h-(BN)1-x(C2)x epilayers with x = 0.92 and 0.95. For the h-BN 

sample, there are two characteristic peaks at about 1360 cm
-1

 and 770 cm
-1

, which are 
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associated with the in-plane (IP) B–N bond stretching vibration and the out-of-plane 

(OOP) B–N–B bending vibration, respectively. Similarly, for graphite, infrared 

absorption peak is observed at 670 cm
-1

. For the h-(BN)1-x(C2)x epilayer with x = 0.95, a 

broad peak (may be combination of multiple peaks) in the ~ 1100-1300 cm
-1

 range is 

observed, which is related to B-C and C-N bonds. B-C and C-N bonds at around 1200 

cm
-1

 and 1300 cm
-1

 are the characteristic bonding peaks in the BNC system [146,147]. 

On the other hand, h-(BN)1-x(C2)x epilayers with x  < 0.95 do not show the characteristic 

B-C and C-N bonding peaks, instead show separated B-N and C-C peaks (plot of the h-

(BN)1-x(C2)x epilayer with x = 0.92 is shown as a representative). The presence of B-N 

and C-C IR absorption peaks suggests that h-(BN)1-x(C2)x epilayer with x < 0.95 are 

phase separated into BN and graphite domains. Thus, FTIR results support the conclusion 

obtained from Hall-effect and Raman spectroscopy measurements.  

 

Figure 6-12. FTIR spectra of h-BN (x = 0), graphite (x = 1), and selected h-(BN)1-x(C2)x 

epilayers with x = 0.92 and 0.95. A broadened B-C and C-N bonding peak for the h-

(BN)1-x(C2)x epilayer with x = 0.95 confirms the random mixing of B, N, and C atoms. 
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6.9. Conclusions       

 In summary, we have synthesized C-rich h-(BN)1-x(C2)x epilayers using MOCVD 

and demonstrated that both p- and n-type conductivities can be obtained by changing the 

stoichiometry ratio between B and N through the variation of V/III ratio (or the NH3 flow 

rate) employed during growth. We have observed intrinsic carrier conduction in h-(BN)1-

x(C2)x samples with x = 0.95, from which a bandgap energy of Eg ~ 93 meV was deduced, 

which agrees almost perfectly with the expected value derived from the alloy dependence 

of the bandgap of h-(BN)1-x(C2)x. The results suggest a bandgap opening in graphite 

through homogenous alloying with BN, which would open a new frontier in research. 

Homogenous alloy formation has also been further confirmed from Raman spectroscopy 

measurements. Our experimental results revealed evidences that the critical BN 

concentration,  xBN, to open a small bandgap in graphite or to form h-(BN)C homogenous 

alloy in the C-rich side is ~ 5.0% at a growth temperature of 1300 
0
C. We believe that 

increasing the growth temperature above 1300 
0
C will allow us to synthesize h-(BN)1-

x(C2)x alloys with improved crystalline quality as well as with higher BN concentration or 

lower C concentration without phase separation, which will be discussed in chapter 7. 

Since material synthesis and basic understanding of h-(BN)1-x(C2)x alloys are in the very 

early development stage, there are many properties that could be studied. These include 

detailed studies on the structural properties of the films by various methods to provide 

improved understandings on the correlation between the growth conditions and structural 

and optoelectronic properties, C concentration dependence of the electrical properties, 

and potential applications of this unique layer-structured narrow bandgap h-(BN)x(C2)1-x 
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alloys with bandgap variation from short wavelength infrared to very long wavelength 

infrared and allow applications to multispectral emitters and detectors. Structural 

characterization techniques such as cross sectional transmission electron microscopy 

(TEM) would be very useful in addition to XRD to examine the crystalline quality of 

these layer structured films.  
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Chapter 7 

Conclusions and future directions 

 

7.1. Conclusions  

 Homogeneous h-(BN)1-x(C2)x alloys in the both h-BN and C-rich sides have been 

synthesized on h-BN/sapphire templates using MOCVD at 1300 
0
C. Structural, chemical, 

electrical and optical properties were studied using XRD, AFM, XPS, UV-Vis 

absorption, Raman, FTIR, Hall-effect measurements, etc. 

 Atomic composition, stability, and bonding analysis have been done extensively 

using XPS. Atomic composition obtained from XPS has been used in conjunction with 

UV-Vis optical absorption measurements to determine the phase solubility of BN in 

graphite, which is ~ 3.2% at our current growth temperature (1300 
0
C). Electrical 

transport analysis using Hall-effect measurements support the conclusion obtained from 

XPS and optical measurements.  

 Electrical resistivity is varied from ~ 10
11 

Ω-cm to ~ 10
-3

 Ω-cm for the h-(BN)1-

x(C2)x alloys with x = 0 (h-BN) to x = 1 (graphite). Also, a percolating conducting 

network if formed for a C concentration of ~ 40%. Hall-effect measurement results 

confirm that BN-rich h-(BN)1-x(C2)x alloys are n-type, with a mobility of ~ 20 cm
2
/V.s at 

640 
0
K. Activation energy of carriers vary from ~ 475 meV to 96 meV for a C 

concentration of 3.2% to 21.0%. XPS results show good agreement with Hall-effect 

measurement results. However, we could not detect any band edge photoluminescence 
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(PL) emission in our h-(BN)1-x(C2)x alloys synthesized so far due to the fact that the 

development of these materials is in an initial stage. 

 Both p- and n-type C-rich h-(BN)1-x(C2)x alloys were synthesized through 

controlling the V/III ratio during MOCVD growth. XPS measurement results in 

conjunction with room temperature Hall-effect measurement results confirm the 

conductivity types of the samples. Variable temperature Hall-effect measurements 

revealed an intrinsic conduction for the h-(BN)1-x(C2)x alloy with 95% C concentrations. 

C concentrations below 95% are phase separated. The formation of homogeneous alloys 

of h-(BN)1-x(C2)x epilayers was confirmed by Raman spectroscopy results. However, the 

background carrier concentrations in our h-(BN)1-x(C2)x alloys are very high (~ 1.5 x 10
20

 

cm
-3

), which prevented the demonstration of practical devices such as p-n junction 

devices and IR emitters and detectors at the current stage of material development. 

Efforts to minimize the background carrier concentrations are needed in order to realize 

useful device applications. 

7.2. Recommendations for future work 

 There are several interesting directions for future research in the synthesis, 

characterization, and applications of h-(BN)1-x(C2)x alloys have emerged from the present 

study. These include: 

 High crystalline quality of h-BN is critical to the growth of high crystalline 

quality h-(BN)1-x(C2)x alloys. Hence, future work should focus on further 

enhancing the crystalline quality of both h-BN and h-(BN)1-x(C2)x alloys.  

 



Texas Tech University, Md Rakib Uddin, August 2016  

125 
 

 In the present study, both h-BN and h-(BN)1-x(C2)x alloys are grown at 1300 
0
C 

(temperature limit of our MOCVD system). According to the phase diagram of 

the BNC system, melting temperatures of BN and graphite, and our experimental 

data, it is expected that the crystalline quality of the h-(BN)1-x(C2)x alloys will be 

significantly improved at higher temperatures. Moreover, a wide temperature 

range would enable the growth of homogeneous h-(BN)1-x(C2)x alloys with higher 

C concentration (in the BN-rich side) and higher BN concentration (in the C-rich 

side). 

 In future, if the crystalline quality is improved further, focus should be more on 

the study of electrical and optical properties such as carrier mobility (as it is 

expected to be very high for 2D materials), doping mechanism, carrier activation 

energy for different atomic composition, photoluminescence measurements to 

study the band edge emission and exciton binding energy etc. 

 The h-(BN)1-x(C2)x alloys in the BN-rich side have the potential to overcome 

some of the challenges faced in the AlGaN system. Focus should be on 

synthesizing h-(BN)1-x(C2)x alloys with variable C concentrations with both p- and 

n-type conductivities. This in conjunction with h-BN could allow the realization 

of deep UV (DUV) emitters and detectors with high external quantum efficiency. 

Figure 7-1 shows a proposed device. 
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Figure 7-1. Schematic diagram of the DUV device based on h-(BN)C: (a) layer structure 

and (b) the corresponding energy band diagram.  

 Efforts should be underway to reduce the background carrier concentration of the 

C-rich h-(BN)1-x(C2)x alloys. Our initial results showed that thermal annealing at 

high temperatures could help. If the carrier concentration can be reduced, these 

alloys would be promising for multi-spectral IR emitters and detectors. 

Nevertheless, the demonstration of bandgap and conductivity control in both C-

rich and (BN)-rich sides is a significant step for the realization of technologically 

important devices.  
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