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PREFACE 

Materials exhibit unique properties when one of the dimensions is reduced to atomic 

scale thickness compared to their bulk counterpart. Deposition of ultrathin films of 

materials is not only technologically advantageous but also permits exploration of many 

novel properties. This thesis contains results of investigations carried out on the 

deposition of thin films (nanosheets) of compositionally tunable 2D borocarbonitrides, 

(BN)1-x(C)x and of the nickel oxide thin films (NiO) by atomic layer deposition (ALD). 

The thesis is divided into two parts, wherein Part I deals with tunable electronic 

properties of 2D borocarbonitrides, (BN)1-x(C)x and their potential applications. Part 

II deals with atomic layer deposition of ultrathin films of transition metal oxide and its 

detailed characterization.  

Part I is divided into two chapters of which Chapter I.1 describes the tunable 

electrical and optical properties of 2D borocarbonitrides, (BN)1-x(C)x with varying 

composition, wherein thin films are deposited by pulsed laser deposition (PLD). The 

study showcases the use of (BN)1-x(C)x for bandgap tunable opto/nano-electronics and 

related applications. Chapter I.2 discusses the low thermal conductivity of 2D 

borocarbonitride nanosheets of different compositions synthesized by solid state 

reactions and which can be utilized for thermal management devices in future.  

Part II contains one chapter which describes the results of investigations of 

crystalline epitaxial thin films of NiO deposited by plasma enhanced- atomic layer 

deposition (PE-ALD). The deposited films have been characterized by various 

microscopic and spectroscopic tools to provide insight of the growth process.  
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Chapter I.1 

Compositional Tuning of Electrical and 

Optical Properties of PLD-Generated Thin 

Films of 2D Borocarbonitrides, (BN)1-x(C)x 

Summary* 

Borocarbonitrides, (BN)1-x(C)x, provide a means of composition-tuning the bandgaps 

of BN and graphene. (BN)1-x(C)x thin films of varied chemical compositions have been 

deposited on c-sapphire by pulsed laser deposition and characterized by spectroscopic 

and microscopic techniques. Optical and 

electrical properties of these films show 

systematic changes in the band gap and the 

resistivity with the compositions. Thus, the 

optical band gap of the films shows a nearly 

linear dependence on the composition. The 

study throws light on the semiconducting 

nature of the (BN)1-x(C)x thin films with the 

films exhibiting Efros-Shklovskii (ES) variable range hopping in the low- temperature 

regime. 

 

 

 

 

* A paper based on this work is published in ACS Applied Electronic Materials, 2019 
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1. Introduction 

• Borocarbonitrides, BxCyNz 

Borocarbonitrides with the general formula, (BN)1-x(C)x (or BCN for simplicity) have 

emerged as a new class of 2D materials with fascinating properties.1,2 They can be 

considered as a network of BN and graphene domains, in addition to having BCN rings 

in the network.1,2 h-BN is a wide bandgap (~6 eV) insulator whereas graphene is a 

gapless conductor.3,4 Borocarbonitrides allow us to vary the bandgap between graphene 

and BN with the composition or with the carbon content. Since bandgap engineering 

and tuning of the electronic properties of semiconducting materials has many 

technological advantages, it appeared desirable to investigate BCN materials for the 

purpose.1,2,5,6 Many attempts have been made for  bandgap engineering in graphene7 by 

induced strain,8,9 surface bonding,  isoelectronic co-doping or chemical doping with 

nitrogen and other foreign atoms.10,11 These efforts have led only to a few meV changes 

in the bandgap.9 Bridging the optical gap between graphene to BN by chemical means 

is therefore more appealing. Even though there have been some efforts in this direction, 

there is a clear need for a systematic study where there is chemical control of the 

elemental composition.12  

Samples of BCN synthesized by solid state reaction demonstrate novel properties 

such as gas adsorption, surface area, and energy storage, among others.1 Optical 

properties of BCN have not received much attention due to the carbon present in the 

samples, making them black in the shade and absorbent of the complete spectrum.13 

What would be ideal is to employ methods to generate large area thin films of BCN 

with superior optical and electrical properties. Large area films of BCN with 

homogeneous compositions are still a challenge to obtain.1 The computational studies 
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also revealed the composition dependent change in resistivity in BCN.14 Optical and 

electrical properties of hybridized boron nitride and graphene domains grown by CVD 

as a device perspective have been examined by Ci and co-workers.15 The transport 

mechanism and the crossover from the insulator to the metal regime in the BCN system 

in the low-temperature regime has been reported by Ajayan and co-workers.16,17  

There have been efforts to deposit BCN thin films by sputtering,18–20 HiPIMS,20 

PECVD,21,22 LPCVD,23 APCVD,24 and pulsed laser deposition (PLD).25–29 These 

studies have focused on the film composition or the study of bonding to verify whether 

the films were products of atomic hybridization.28,29 The optical properties of BCN with 

varying composition have not been investigated. Furthermore, wide range tunability of 

the bandgap and resistivity from graphene to BN of BCN has not been reported. There 

is no experimental study showing complete tunability of the optical and electrical gap 

between graphene and BN by varying the composition. In this study, we present the 

results of a detailed investigation of wide range of compositions of (BN)1-x(C)x thin 

films (from graphene end to BN) obtained by PLD, characterized by various 

spectroscopic and microscopic characterization techniques, along with optical bandgap 

and electrical resistivity measurements.  

• Pulsed Laser Deposition (PLD) 

Pulsed laser deposition (PLD) is experimentally simple and highly versatile technique 

to deposit thin films of oxides, sulfides, nitrides and other complex materials as 

compared to the other deposition techniques.30 PLD is known for transferring the target 

stoichiometry into the films. PLD provides excellent control over thickness of the 

deposited films, sharp interface with the buffer substrate, growth of heterostructures, 

etc. The deposition rate can be precisely controlled by the number of laser pulses and 
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can be influenced by other factors such as the target material, laser energy density, 

repetition rate, substrate temperature, substrate to target distance and background gas. 

The mechanism of laser – target interaction and the growth of film on substrate involves 

complex processes but can be understood in simpler manner. A focused laser pulse 

enters the vacuum chamber to fall on the target. The laser pulse transfers all its energy 

to the target material via non-thermal processes. The strong absorption of the 

electromagnetic radiation by the solid surface leads to local heating and rapid 

ablation/vaporisation of the target material. The ablated material contains ions, 

energetic electrons, molecules, and neutral atoms which tends to move towards the 

substrate in the z-direction due to the laws of gas dynamics. The ablated high energy 

species moves with gradually decreasing velocity, and subsequently impinge on the 

heated substrate. These active species suffer backscattering from the substrate surface 

and collide with the incoming flux, and a collision region is established. The film grows 

immediately after this collision region is formed. The region serves as a source for 

condensation of particles. When the condensation rate is higher than the rate of particles  

Scheme 1: Schematic illustration of thin film deposition using PLD. 

 

Background gas
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suffering backscattering, the thermal equilibrium condition can be reached quickly. The 

film grows on the substrate surface at the expense of the direct flow of the ablated 

species. The final step is the nucleation and the growth of film. There are some growth 

models discussed in the literature based on the growth kinetics.31 The nucleation 

process depends on the interfacial energy between the three phases present – the 

substrate, the vapor phase, and the condensing material. The deposition rate and the 

substrate temperature play a critical role in the film formation. Depending upon the 

nature of the substrate and the provided temperature, the films can be amorphous, 

polycrystalline or single crystalline. Despite its simplicity, there are some shortcomings 

in PLD technique. The major problems are the particulates deposition, and the narrow 

angular distribution of the plume. The particulates formation is generally observed in 

PLD deposited thin films because of the incomplete conversion of solid target into 

active plasma species. These particulates can be of micrometer size and can affect the 

characteristics of the film, however a velocity filter can be used to cut-off heavy and 

slow moving particulates while transmitting the high energetic plume.32 Due to the 

narrow angular distribution large area uniform film growth is a problem, but suitable 

measures can be taken for large area growth such as rotating both the target and the 

substrate, and raster scanning of the target will give a uniform film.33    

2. Scope of the present investigations 

Borocarbonitrides are the class of 2D layered materials which possess many novel 

properties.1,34 Not only are they semiconducting, but also the band gap can be tuned 

from gapless graphene to insulating boron nitride. Nanometer thick films of materials 

are important for various device aspects. The ability to tune the electronic structure of 

BCN by varying the compositions can be used for various potential applications.17 It 
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would be interesting to grown large area thin films of BCN with superior electrical and 

optical properties. Opting PLD to deposit thin films of BCN ensures the atomic 

hybridization of B-C-N atoms in the films. Till now researchers have employed BN, 

graphite, boron carbide (B4C) targets in the N2 atmosphere for the deposition of BCN 

films. We have used spark plasma sintered BxCyNz (or BCN for simplicity) targets 

synthesized by the solid state reaction of exfoliated graphene (EG) or activated charcoal 

with boric acid, and urea to deposit the thin films BCN. A detailed study of the film 

surface morphology and chemical bonding as well as the optical and the electrical 

properties of PLD deposited BCN films would have potential uses in optoelectronics, 

FET’s, and photoelectrochemistry.  

3. Experimental Section 

Materials 

All the chemicals which were used are of high purity and were used as received without 

any further purification. Natural graphite powder (Alfa Aesar, 99.99%), sulphuric acid 

(SDFCL, 98%), potassium permanganate (Merck), sodium nitrate (SDFCL), hydrogen 

peroxide (Merck), activated charcoal (SDFCL) , boric acid (Merck), urea (SDFCL), 

deionised water, graphite Dye (Mersen India, 2114-Grade). 

Synthesis 

Synthesis of graphene oxide (GO) and exfoliated graphene (EG)  

Graphene oxide was synthesized by the modified Hummer’s method.35 In a typical 

synthesis process, 150 mL of concentrated sulphuric acid was added dropwise to a 2 L 

beaker, containing 3 g of natural graphite powder and sodium nitrate (NaNO3) each, 

kept in an ice bath. The mixture was allowed to stir for 15 minutes and then 20 g of 

potassium permanganate (KMnO4) was added to the mixture, while the beaker was still 
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in an ice bath. The beaker was then transferred to an oil bath maintained at 40 °C and 

stirred for an hour. To the resulting suspension, 150 mL of water was slowly added and 

the suspension was further stirred at 75 °C for approx. 15 minutes. Finally, 30 mL of 

H2O2 in 300 mL of deionized water was added to the reaction mixture and allowed to 

settle down for 24 hours. The brown coloured suspension obtained was washed several 

times with water until the pH of the solution became neutral. The suspension was then 

lyophilized to obtain fluffy brown coloured solid GO. Exfoliated graphene (EG) was 

then obtained by thermal exfoliation of GO at 900 °C under N2 (UHP, 99.99%) 

atmosphere.36 

Preparation of PLD Targets of (BN)1-x(C)x 

BCN powder samples of various compositions were prepared using exfoliated graphene 

(EG) or activated charcoal by the solid state reaction with boric acid and urea in an inert 

atmosphere at 900 °C.34 Two sets of three different compositions of (BN)1-x(C)x were 

prepared starting from graphene or activated charcoal while keeping boric acid to urea 

ratio (1:10) constant.37 In order to obtain sintered dense pellets of these compositions 

for the PLD targets, the samples were hot pressed in a Spark Plasma Sintering (SPS, 

Dr. Sinter Lab Jr. Series) instrument with 3.5 kN/cm2 pressure at 550 °C for 5 min. The 

targets were then analyzed for their composition by TGA and XPS. 

Thin Film Deposition 

The prepared targets were mounted on a rotating target holder in the PLD chamber 

(STD-12 PLD system, Excel Instruments), and a plano-convex lens with focal length 

of 300 mm was used to focus the laser beam. BCN films from each target were 

deposited using a KrF (Complex Pro, Lambda Physik) excimer laser with a wavelength 

of 248 nm maintained at 20 ns pulse width. The laser repetition rate and the energy per 
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pulse were maintained at 5 Hz and 200 mJ, respectively, for all the deposition. The 

substrates were cleaned by ultrasonication in acetone and isopropanol for 10 min, then 

washed several times with DI water, and dried with N2. The cleaned substrates were 

placed on a heater with a temperature controller, which is front facing and kept 50 mm 

away from the target. All the BCN films were deposited on c-sapphire at 800 °C at three 

different working pressures (1×10-5 Torr, 1×10-3 Torr in N2 and 1×10-2 Torr in N2) and 

were subsequently annealed for 2 h. The films with target compositions of 

(BN)0.45(C)0.55 and (BN)0.70(C)0.30 were deposited for 5000 laser shots, whereas 

(BN)0.28(C)0.72 was deposited with 1000 laser shots (carbon - rich targets give very 

higher thickness with 5000 shots). An ultrathin film with (BN)0.45(C)0.55 was also 

deposited on sapphire for 120 laser shots at 1×10-5 Torr. Thin films from the targets of 

BCN synthesized using activated charcoal were also deposited with same deposition 

parameters. 

Characterization 

Gravimetric compositions of the BCN targets were determined by thermogravimetric 

analyses, carried out in an oxygen atmosphere with a Mettler Toledo TGA-850 TG 

analyzer. X-ray diffraction patterns were collected using a Bruker D8 Discover 

diffractometer using Cu-Kα radiation with an accelerating voltage of 40 kV and a 

current of 30 mA. Raman spectra were collected at different spots on uniformly coated 

(BN)1-x(C)x films in the backscattering geometry using a 515 nm green laser with a 

Jobin Yvon LabRam HR 800 spectrometer. Surface morphology and film thickness 

were determined using a Nova NanoSEM 600 FESEM (FEI). Chemical compositions 

and the nature of bonding were examined by X-ray photoelectron spectroscopy (XPS) 

using an Omicron nanotechnology spectrometer with an Al-Kα as a monochromatic X-
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ray source (E=1486.7 eV). Before XPS measurement, the film surface is sputtered with 

Ar+ ions to remove the surface contaminants. Atomic force microscope (AFM) 

topographic images were obtained using Bruker Innova instrument in tapping mode. 

Transmission electron microscopy (TEM) samples were prepared by “lift-off” method 

using focused ion beam (FIB) in FEI Quanta 3D dual beam SEM/FIB system. TEM 

images were acquired from a FEI Tecnai G2 S-Twin operated microscope at an 

accelerating voltage of 200 kV, fitted with a Gatan CCD camera. High-resolution TEM 

images and electron energy loss spectra (EELS) were recorded using Titan (cube) FEI 

aberration-corrected transmission electron microscope with an accelerating voltage of 

300 kV. Temperature dependent resistance measurements were carried out in Physical 

Property Measurement System (PPMS, Quantum Design, USA) in electrical transport 

option (ETO) mode by four - probe method. The optical properties were studied using 

Perkin Elmer Lambda 750 UV-Vis spectrometer in transmission mode. Photographs of 

the films were taken by a DSLR camera under normal daylight. 

Calculation of chemical composition from the XPS signal  

The signals obtained from the XPS were analysed by Fityk 1.3.1 software. For reference 

purpose, C 1s peak position was taken at 284.6 eV. The Shirley background was first 

subtracted from the raw spectra and then the spectra were fitted into multiple peaks 

using Voigt function (Lorentzian + Gaussian). The relative atomic percentages of 

elements were calculated from the integrated area under the B (1s), C (1s), and N (1s) 

signals and the Atomic Sensitivity Factor (A.S.F) of boron  (0.088), carbon (0.205) and 

nitrogen (0.38) by using the following equation: 

% 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝐴. 𝑆. 𝐹 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡⁄

∑ 𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒 𝐴. 𝑆. 𝐹 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡⁄𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
 



Chapter I.1                                                               Thin films of BCN 

13 

 

Figure 1. Thermogravimetric analysis of various compositions of BCN prepared from 

graphene.  

 

4. Results and Discussion 

PLD targets of borocarbonitrides, (BN)1-x(C)x, with three different chemical 

compositions prepared independently by solid state reactions, were pressed into pellets 

by the SPS method. Thermogravimetric analysis (Figure 1) in an oxygen atmosphere 

of as synthesized samples revealed the compositions of the samples to be 

(BN)0.70(C)0.30, (BN)0.45(C)0.55 and (BN)0.28(C)0.72, and the BCN starting with activated 

charcoal also has similar compositions of (BN)0.76(C)0.24, (BN)0.55(C)0.45, and 

(BN)0.15(C)0.85, respectively. The molar ratio of the precursors along with the 

thermogravimetric compositions are given in Table 1. The thermal stability of the BCN 

samples improved substantially compared to that of graphene, which is consistent with 

earlier reports.34 The BN rich (BN)1-x(C)x show more stability as compare to the carbon 

rich. As prepared targets are black in colour because of complete absorption by carbon,  
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Table 1. Gravimetric Compositions of BCN targets prepared using EG with molar 

ratios of the precursors used for the synthesis obtained from TGA* 

 

 

 

 

 

 

 

*  BCN compositions (BN)0.15(C)0.85, (BN)0.55(C)0.45, and (BN)0.76(C)0.24 were obtained 

starting with activated charcoal. 

irrespective of the compositions. The BCN system has been extensively characterized 

by various spectroscopic and microscopic characterization techniques in our earlier 

studies.12,34,38  These targets were further used to deposit the BCN films to probe their 

electrical and optical properties. The characteristic properties of the films were studied 

as a function of change in target composition, and with change in partial pressure during 

deposition. Various measurements showed that the two sets of BCN obtained from 

different carbon sources were similar. 

 

Figure 2. (a-c) Photographs of BCN films obtained from the target composition (a) 

(BN)0.70(C)0.30, (b) (BN)0.45(C)0.55, (c) (BN)0.28(C)0.72 prepared using EG. 

Boric acid 

(mg) 

Urea 

(g) 

EG 

(mg) 

Gravimetric 

Composition 

16.5 0.165 150 (BN)0.28(C)0.72 

150 1.5 150 (BN)0.45(C)0.55 

450 4.5 150 (BN)0.70(C)0.30 

(a) (c)(b)

 
 

 

(d) (e) (f)



Chapter I.1                                                               Thin films of BCN 

15 

 

Characteristics of BCN Thin Films 

Figure 2 show the photographs of BCN films showing large area uniformity and 

display varying colour with composition unlike in the powder samples. The BN rich 

films are light brown in colour, whereas graphene rich films are dark, which indicates 

the different optical absorption edges. X-ray diffraction patterns of BCN films on c-

sapphire showed no significant diffraction peaks indicating the amorphous nature, 

whereas PLD targets show the (00l) reflection of layered BCN materials.  

 

Figure 3. Core level XP Spectra of B 1s, C 1s and N 1s of BCN films obtained at    

1×10-5 Torr from target composition (a) (BN)0.70(C)0.30, (b) (BN)0.45(C)0.55 and (c) 

(BN)0.28(C)0.72 prepared from EG.  
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 In order to examine the chemical composition and bonding in the various 

compositions of BCN, X-ray photoelectron spectroscopy measurements were carried 

out on the samples deposited on c-sapphire. XP spectra show the presence of boron, 

carbon, nitrogen, and oxygen in the film. Figure 3 shows core-level XP spectra of 1s 

binding energy of each element B, C, and N of the BCN films obtained from three 

different target compositions at 1×10-5 Torr.  The high-resolution B 1s spectra of 

(BN)0.70(C)0.30 could be deconvoluted into two peaks: the major peak centered at 190.9 

eV corresponds to B-N bonds and the shoulder at 188.85 eV arising from B-C bonds.1,34 

Since there is no evidence for the presence of B-O bonds from other spectroscopic data, 

so there is no significant feature expected for this in the XP spectrum also.1 The film 

deposited from (BN)0.45(C)0.55 show B-C and B-N signals occur at 189.45 and 191.3 

eV, whereas (BN)0.28(C)0.72 exhibit at 188.9 and 191.3 eV, respectively. High-resolution 

C 1s spectra could be deconvoluted into four peaks: the major peak centered at 284.6 

eV corresponding to the planar sp2 bonded C=C bond, and a long tail towards high B.E. 

with two peaks at 286.1 and 288.1 eV corresponding to C-N and C-O, respectively. The 

small shoulder at 283.1 eV is attributed to C-B bonds. The position of major peak due  

Table 2: The area of different bonds present in BCN films deposited at 1×10-5 Torr 

from targets prepared using EG is shown by XPS. 

 B1s C1s N1s 

Composition B-C B-N C-B C-C C-N N-B N-C 

(BN)0.70(C)0.30 290 728 364 1833 770 460 712 

(BN)0.45(C)0.55 358 515 1698 3930 2361 390 1070 

(BN)0.28(C)0.72 230 828 192 1860 860 436 396 
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Table 3. BCN films compositions obtained from XPS deposited with targets prepared 

using EG and charcoal, at 1×10-5 Torr. 

 

 

 

 

 

to sp2 bonded C remains the same at 284.6 eV irrespective of change in carbon content 

in the films. The area under the C-N signal is higher than that under the C-B signal, 

showing that C-N bonds are more favoured (Table 2). The C-O bonding arises from 

the oxygen containing functional groups attached to the graphene surface which was 

evidently shown in our previous work.37 The N 1s spectrum of the films obtained from 

different compositions were fitted into two peaks at 397.8 and 399.6 eV corresponding 

to N-B and N-C bonds, respectively. There is a slight shift in the peak positions due to 

change in the chemical compositions. The spectral features exhibited by all the XP 

spectra suggest the presence of random network of BCN along with the domains of 

graphene and BN. The elemental composition of BCN films deposited from 

(BN)0.45(C)0.55 at 1×10-5 Torr is found to be B0.18C0.75N0.07, and the elemental 

composition of the all BCN films deposited at 1×10-5 Torr obtained from XPS data is 

tabulated in Table 3. Carbon concentration in the films increases in comparison to that 

in the host targets, which might be due to the loss of the energetic species of B and N 

during the deposition.39 The films deposited by the targets prepared using activated 

charcoal exhibit similar XP spectral features.  

Composition of BCN 

films starting with EG 

Composition of BCN 

films starting with 

activated charcoal 

B0.26C0.68N0.06 B0.18C0.74N0.08 

B0.18C0.75N0.07 B0.25C0.62N0.13 

B0.38C0.51N0.11 B0.44C0.43N0.12 
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Figure 4. FESEM image of BCN films obtained from target composition (a) 

(BN)0.28(C)0.72, (b) (BN)0.45(C)0.55 and (c) (BN)0.70(C)0.30 prepared using EG (d) cross-

section image of BCN film obtained from target composition (BN)0.45(C)0.55. 

The Surface topography of the films was studied by FESEM and AFM 

measurements. Figure 4(a-c) shows top-view FESEM images of BCN films obtained 

from different target compositions at 1×10-5 Torr. The films are uniform, and there are 

significant number of spherical particulates observed on the surface, which are common 

in the PLD grown films because of the formation of liquid droplets results from the 

laser ablation.30 The size of the spherical particulates decreases from BN rich films to 

carbon rich films; this might be due to the boron and nitrogen species getting converted 

more into liquid droplets than carbon species. We have not seen any effect on the 

surface morphology of the films with change in growth pressure except for the size of 

spherical particulates decreasing due to reduced mean free path with the background 

pressure (Figure 5(a-c)). Cross-sectional FESEM images show the thickness of films 

to be ~100 nm for the films obtained using (BN)0.45(C)0.55 and (BN)0.70(C)0.30 targets 

with 5000 laser shots at 1×10-5 Torr (Figure 4(d)). The film deposited using the carbon 

rich target (BN)0.28(C)0.72 with 1000 pulsed laser shots at 1×10-5 Torr shows the 

200 nm

(a)

300nm

(d)

300 nm

(b)

200nm

(c)

100 nm
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Figure 5. FESEM image of BCN films obtained from (BN)0.55(C)0.45 prepared from 

activated charcoal at (a) 1×10-2 Torr in N2 (b) 1×10-3 Torr in N2 (c) 1×10-5 Torr (d) cross-

section image of BCN film obtained from (BN)0.28(C)0.72 prepared from EG. 

thickness to be around ~ 50 nm (Figure 5(d)). The thickness of the (BN)1-x(C)x films 

varies slightly with change in the background pressure due to reduced mean free path 

of the particles. The thickness of the film deposited from (BN)0.70(C)0.30 was also 

examined by cross-sectional TEM, which was consistent with the cross-sectional 

FESEM results. AFM images show the similar surface topographies of the BCN films 

deposited from target prepared using EG (Figure 6(a-c)) and activated charcoal 

(Figure 6(d-f)); the particulates deposited on the films can be clearly seen. The size of 

the particulates decreases with an increase in carbon concentration, and the RMS 

roughness of the films varies from 5.58 to 2.27 nm.  

HRTEM and Electron Energy Loss Spectroscopy (EELS) were employed to 

analyse the microstructure and local chemical composition of the film. The HRTEM 

images show the sharp interface between BCN film and the c-Al2O3 substrate. We did  

 

(a) (b)

(c)

~50 nm

(d)
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Figure 6. (a-c) Tapping mode AFM images of BCN films obtained at 1×10-5 Torr from 

target composition (a) (BN)0.70(C)0.30, (b) (BN)0.45(C)0.55, (c) (BN)0.28(C)0.72 prepared 

using EG. (d-f) BCN films obtained at 1×10-5 Torr from target composition (d) 

(BN)0.76(C)0.24, (e) (BN)0.55(C)0.45, (f) (BN)0.15(C)0.85 prepared using charcoal. 

not see any crystalline domains of BN and graphene in HRTEM due to the amorphous 

nature of the film (Figure 7). The EEL spectrum of the BCN films in (Figure 7(e-g)) 

shows the K-shell ionization edges of the B, C and N elements, individually. The peaks 

at 191.6 and 201 eV in the B 1s EEL spectra appears because of the transition of the 1s 

electron to π* and to σ* antibonding orbitals. The K-shell ionization edges of carbon at 

285.6 and 296.8 eV correspond to 1s→ π* and 1s→ σ* transitions.40 Similarly, peaks 

at 401.1 and 408 eV correspond to the 1s→ π* and 1s→ σ* transitions of N 1s.41 The 

splitting of π* and σ* levels in B 1s, C 1s and N 1s spectra indicates sp2 hybridization 

similar to that of graphene and BN.  

Raman spectra of the BCN films deposited from various target compositions 

show the characteristic D and G band at 1590 cm-1 and 1360 cm-1 (Figure 8) 

corresponding to graphene and BN domains in BCN, respectively.12 The intensity of 

1µm 1µm 1µm

(a) (b) (c)

1 µm 1 µm

(d) (e) (f)
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Figure 7. (a) high resolution cross-section image (b-d) HRTEM images and (e-g) 

corresponding EEL Spectra of each element B, C and N respectively; of BCN film 

deposited with target composition (BN)0.70(C)0.30 prepared using EG, at 1×10-5 Torr. 

the D band has a contribution from defects and the BN stretching mode. Figure 8 

clearly shows that as the BN content increases, the D band becomes more intense.42 

The change in the relative intensities of the D and G bands (ID/IG ratio) is shown in 

Table 4. The D band can be deconvoluted into two peaks with the one at higher energy 

corresponding to the B-N stretching mode,43 and the other at lower energy 

corresponding to the A1g mode resulting from the double resonance phonon scattering.44 

Figure 8. Raman Spectra of BCN films deposited at different partial pressure with 

target composition (a) (BN)0.70(C)0.30 (b) (BN)0.45(C)0.55 (c) (BN)0.28(C)0.72. 
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Table 4:  ID/IG ratio calculated from the Raman Spectra of BCN films deposited with 

targets prepared using EG 

Deposition 

Pressure (in 

Torr) 

ID/IG ratio of BCN films with Target Composition 

(BN)0.28(C)0.72 (BN)0.45(C)0.55 (BN)0.70(C)0.30 

1×10-5 in vacuum 0.536 0.522 0.465 

1×10-3 in N2 0.565 0.536 0.528 

1×10-2 in N2 0.626 0.547 0.639 

 

Optical Properties of BCN Films 

Optical properties of BCN thin films are interesting, as one can tune the bandgap by 

varying the composition. Optical spectra of the films were recorded in transmittance 

mode in a UV-vis spectrometer, and the absorption coefficient ‘α’ was calculated using 

the film thickness ‘d’ and transmittance ‘T’ by the following formula: 

𝛼 =
𝑙𝑜𝑔(100

𝑇⁄ )

𝑑
                          (1) 

We have estimated the optical bandgap of the BCN films by the direct bandgap model 

of J. Tauc,45 by plotting the square of absorption coefficient as a function of incident 

photon energy. The optical bandgap was calculated by extrapolating a straight line 

using the following equation: 

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔)          (2) 

Here, ‘Eg’ is the optical bandgap, and ‘hν’ is the photon energy in eV. Figure 9(a-c) 

shows Tauc plots of BCN films obtained from the different target compositions 
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Figure 9. (a-c) Tauc plot of BCN films deposited with targets of three different 

compositions prepared using EG at (a) 1×10-5 Torr, (b) 1×10-3 Torr, and (c) 1×10-2 Torr 

in N2, (d-f) Tauc plot of BCN films deposited at different partial pressure using target 

composition (d) (BN)0.28(C)0.72 (e) (BN)0.45(C)0.55 (f) (BN)0.70(C)0.30 prepared using EG. 

deposited at 1×10-5 Torr, 1×10-3 Torr, and 1×10-2 Torr N2, as the BN content in the film 

increases, the band gap also increases and vice versa as expected. Films obtained with 

same target composition under different partial pressure also show the minor changes 

(±0.2 eV) in the band gap values (Figure 9(d-f)). Thus, the bandgap of the film 

deposited from (BN)0.45(C)0.55 is observed to be 2.25 to 2.75 eV from low to high 
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pressure. We observed two optical absorption edges in ultrathin films deposited from 

(BN)0.45(C)0.55 at 1.5 and 3.1 eV, in conformity with an earlier report15 (Figure 10(a)). 

The observation of the two bands in the ultrathin films of BCN indicates the presence 

of more than one kind of domain, whereas in the case of thicker films, all the domains 

optically overlap to give the average absorption edge. The π states of sp2 carbon are 

more dominant in the optical band; hence, decreases the optical band gap with increases 

in C content are observed.46,47 The π states of the sp2 carbon are more weakly bonded 

than the σ states and lie closer to the Fermi level.26 With decreasing carbon 

concentration in the BCN films, the π states from sp2 carbon decreased, which resulted 

in the increase of the optical band gap. Figure 10(b) shows optical bandgap of (BN)1-

x(C)x thin films as a function of composition or carbon content at different growth 

pressures. The plot illustrates the roughly linear relationship with the composition. The 

calculated optical bandgap of the films deposited at 1×10-5 Torr varies from 1.93 to 

3.41 eV as the composition goes from (BN)0.28(C)0.72 to (BN)0.70(C)0.30. The BCN films  

Figure 10. (a) Tauc plot of the ultrathin film of (~5nm) BCN deposited from 

(BN)0.45(C)0.55 prepared using EG at 1×10-5 Torr. (b) Optical bandgap versus BCN 

composition at different background pressure (the error bar for carbon and BN films is 

considered from the literature reports). 
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obtained from the targets prepared using activated carbon show similar optical 

properties. 

Electrical Transport Properties of BCN Films  

Figure 11 shows the temperature dependence of the electrical resistivity of BCN films 

obtained from two distinct target compositions (BN)0.45(C)0.55 and (BN)0.28(C)0.72, as a 

function of working pressures. The temperature dependent resistivity curve exhibits 

semiconducting nature of the (BN)1-x(C)x films and shows that the films are purely 

originated from hybridized BN and graphene domains. We have observed a 

considerable increase in resistivity in each BCN film as we change the deposition 

pressure from low to high. The electrical resistance of the BCN films of (BN)0.70(C)0.30 

exhibits high electrical resistance (1.6×108 ohms) at room temperature due to high 

insulating BN content which is beyond the measuring limit of our instrument. We used 

the following equation for the conversion of sheet resistance to resistivity.48 

𝜌 =  
𝜋

𝐿𝑛 (2)
× 𝑡 × 𝑅𝑠          (3)  

where ‘ρ’ is the electrical resistivity, ‘t’ is the thickness of the sample and ‘Rs’ is the 

sheet resistance. The resistivity curve in Figure 11 displays a 2 to 3 order change in the 

resistance of the films with the working pressure. The resistivity of the films obtained 

from the target composition (BN)0.45(C)0.55 increases from 7.4×10-4 to 0.10 ohm·m as 

the base pressure changes from 1×10-5 to 1×10-2 Torr at room temperature. Similarly, 

the film obtained from the target composition of (BN)0.28(C)0.72 shows a change from 

1.4×10-4 to 0.001 ohm·m. The change in resistivity with the working pressure is mainly 

because of the change in the surface chemical composition of the films as seen in the 

XPS. We have also observed the change in electrical resistivity of the films obtained  
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Figure 11. Temperature dependent resistivity results of BCN films deposited at three 

working pressures with target compositions of (BN)0.45(C)0.55 and (BN)0.28(C)0.72 

prepared using EG. 

from (BN)0.28(C)0.72 and (BN)0.45(C)0.55 target compositions at the same working 

pressure (Figure 12). There is a large change in resistivity with the target composition 

at the same working pressure, and it is clear that the change in composition plays the 

expected role. With these results, one can tune the working pressure and composition 

of targets to get films with the desired electrical properties for specific applications.  

  Electronic transport properties of BCN are akin to those of disordered 

semiconductors, where electron localization and hopping conduction near the Fermi 

level play a significant role. Moreover, a clear understanding of the electrical transport 

properties in BCN like composites is lacking. For a better understanding of the hopping 

mechanism in this system, one should know the difference between Mott-VRH and  
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Figure 12. Temperature dependent resistivity plots of BCN films deposited from target 

composition (BN)0.45(C)0.55 and (BN)0.28(C)0.72, prepared using EG at (a) 1×10-5 Torr 

(b) 1×10-3 Torr N2 (c) 1×10-2 Torr N2. 

Efros-Shklovskii (ES) VRH. The density of the localized electron states (DOS) near 

the Fermi level (EF) is constant in Mott-VRH,49 whereas according to EF-VRH at low 

temperature, the DOS of localized electrons is variable if the system doesn’t have 

enough energy to make the DOS constant near EF.50 So, if the system is highly 

disordered, then it doesn’t have enough energy to make the DOS constant near EF, and 

thus, ES-VRH is dominating. But when the system is less disordered, it can manage to 

have a constant DOS around EF, so than Mott-VRH is dominating. The temperature 

dependence of the electrical resistivity of (BN)1-x(C)x films because of VRH in the 

ohmic regime is found to vary according to the equation given below51 
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Figure 13: (a) Resistivity versus temperature curve of ultrathin film deposited with 

target composition of (BN)0.45(C)0.55 prepared using EG, at 1×10-5 Torr. (b) Linear 

curve fitting according to Mott-VRH (p= - (1/4), - (1/3)) and ES-VRH (p= - (1/2)).  

Here, ‘ρ’ is the temperature dependent electrical resistivity, ‘ρ0’ is the prefactor, ‘T0’ is 

the characteristic temperature and ‘p’ is the characteristic exponent whose value 

determines the hopping mechanism. According to Mott, the value of ‘p’ in eq 4 is given 

as p = 1/1+D, where ‘D’ is the dimensionality of the system,52 but in ES-VRH, the value 

of ‘p’ is 1/2, independent of the dimensionality of the system.50 The characteristic 

temperature ‘T0’ in eq 4 for ES-VRH can be derived as:51 

         T0 = 𝑇ES =
2.8𝑒2

4𝜋𝜀𝜀𝜊𝑘𝐵𝜉
                    (5) 

Here, ‘e’ is the charge of an electron, ‘ε0’ and ‘ε’ are the value of permittivity in free 

space and the dielectric constant of the material respectively, ‘kB’ is the Boltzmann 

constant, and ‘ξ’ is the electron localization length in the system. Figure 13(a) shows 

the electrical resistivity as a function of temperature of the ultrathin film deposited from 

(BN)0.45(C)0.55 at 1×10-5 Torr. For clear understanding of the hopping mechanism in 

(BN)1-x(C)x thin films, we have plotted the natural logarithm of resistance (ultrathin 

film from (BN)0.45(C)0.55) versus temperature according to eq 4 showing Mott-VRH as 
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well as ES-VRH for 2D and 3D systems. Figure 13(b) shows the best straight line fits 

with least standard deviation in the data form by ES-VRH behavior. We see a large 

standard deviation for Mott 3D systems occurs. The conduction mechanism in this 

system seems to follow the Efros-Shklovskii (ES) variable range hopping mechanism. 

The BCN films obtained from the targets prepared from activated carbon also show the 

similar electrical properties. 

 

5. Conclusions 

Thin films of borocarbonitrides, (BN)1-x(C)x BCN for simplicity, of various 

compositions have been successfully deposited by PLD. It has been possible to vary the 

composition successfully to obtain different bandgaps. BCN films deposited on 

insulating transparent substrates allow us to probe their optical and electrical properties 

systematically. Even though there are a few literature reports on BCN films, the wide 

range of composition from graphene to BN has been achieved for the first time. The 

optical band gap of the films shows a nearly linear relationship with the composition in 

the range of 0 to 6 eV. The BCN films show semiconducting properties, and the 

electrical resistivity of the films varies with the composition, following the ES-VRH 

behaviour. 
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Chapter I.2 

Low Thermal Conductivity of 2D 

Borocarbonitride Nanosheets  

Summary* 

Two-dimensional borocarbonitrides (BCN for short) are of interest since their electrical 

and optical properties can be tuned for renewable energy applications. Although there 

have been theoretical studies, experimental studies of the thermal transport and 

thermoelectric properties of BCN nanosheets have not yet been explored. We have 

synthesized few-layer BCN nanosheets of different compositions, and characterized 

them by Raman spectroscopy, X-ray 

photoelectron spectroscopy and 

transmission electron microscopy. They 

exhibit p-type semiconducting 

thermoelectric transport properties in 300-

573 K range.  More interestingly, the BCN 

nanosheets exhibit low thermal 

conductivity (0.58 to 1.86 W/mK) unlike hexagonal boron nitride and graphene over 

the temperature range of 300-573 K. The low thermal conductivity of BCN nanosheets 

arises due to significant phonon scattering by the different length scale hierarchical 

nano/meso architectures such as bonding heterogeneity (e.g. C–B, C–N and B–N), 

point defects related C/B/N disorder, nanodomains of BN/carbon and grain boundaries.   

 

 

* A paper based on this study is published in Journal of Solid State Chemistry, 2020 
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1. Introduction 

Graphene, a two-dimensional (2D) material, has drawn significant attention from 

researchers because of its outstanding electrical, thermal and physical properties.1-3 The 

discovery of graphene has inspired the development of other 2D nanomaterials with 

unique properties opening a pathway for the next generation optical, electronic and 

energy conversion materials.4-6 Hexagonal boron nitride (h-BN) with a wide band gap 

is one of the most studied 2D materials and has significant applications.5 

Borocarbonitrides, BxCyNz (BCN for short), with a similar honeycomb lattice, are a 

new class of 2D layered material that possesses unique electrical and physical 

properties which are distinct from graphene and h-BN.7,8 The physical properties of 

BCN are determined by the composition of hybridized B, N, and C atoms. BCN 

nanosheets are different from those of graphene/BN hybrids,9 and B, N co-doped 

graphene,10 as they contain h-BCN rings along with graphene and boron nitride 

domains in the network.7,11 BCN materials are of interest because experimental and 

theoretical studies have shown the possibility of band gap tuning between graphene  

(gapless semiconductor1) to BN (large band gap (~6 eV) insulator12), thereby enabling 

possible uses in nanoelectronics,13-15 as well as energy devices, electrochemical 

sensors, and non-metal catalysis.8,11,16,17  

2D materials exhibit low thermal conductivity due to phonon scattering because 

of the interfaces and short length scale boundaries which impede the transport of heat.18-

20 Low thermal conductive solids are efficient candidates for thermoelectrics which can 

convert waste heat to electricity without any moving parts and toxic gas emission.21-23 

Sevinçli et al. have recently reported the thermoelectric properties of graphene.24 The 
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major issue with graphene is its very high thermal conductivity.2 The open question is 

whether BCN with similar honeycomb lattice like graphene will show low thermal 

conductivity or not. Among the various physical properties of BCN nanosheets, less 

attention has been given to the thermal properties. Recently, Klein and co-workers have 

reported the theoretical behaviour of phonons and thermal conductivity of BCN using 

classical molecular dynamics (MD) simulations.25 They have predicted that the thermal 

conductivity of BCN monolayer to be lower than that of both the graphene and h-BN 

monolayers at room temperature because of significant phonon-phonon scattering due 

to hybridization of B, N, and C atoms.25 Lin et al. have predicted the dependence of 

length, strain, and temperature on energetically favorable BC2N monolayer using 

MD,26 while Zhang et al. have reported temperature independent thermal conductivity 

of the h-BCN monolayer in the in-plane direction.27 Detailed experimental studies of 

the thermoelectric properties of BCN nanosheets are however lacking. We therefore 

considered it noteworthy to investigate the thermal transport properties of BCN 

nanosheets for possible use as thermal management devices.  

In this study, we present experimentally measured low thermal conductivity 

data of several compositions of few-layer 2D BCN materials, prepared by the solid-

state reactions. Temperature-dependent electrical conductivity and Seebeck coefficient 

data confirm p-type semiconducting behavior of the nanosheets. More importantly, 2D 

BCN materials show low thermal conductivity throughout the 300-573 K temperature 

range, possibly arises due to the presence of heteropolar bonding, rich point defects, 

disordered BN and carbon nanodomains and grain boundaries which favor significant 

phonon scattering.  
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2. Scope of the present investigations 

Graphene and h-BN are both two-dimensional (2D) materials with interesting 

electronic studies and properties.1,2,5 Graphene is a zero bandgap material,1 while h-BN 

is a wide bandgap (~6 eV) insulator.12 Borocarbonitrides (BxCyNz) are the 2D materials 

which have shown the possibility of bandgap tuning between graphene and h-BN.8,13 

2D materials exhibiting low thermal conductivity are potential candidates for 

thermoelectric applications.20,22 It is therefore worthwhile to explore the thermoelectric 

transport properties of 2D BCN materials. Four different compositions of BCN have 

been synthesized by solid state reactions. We have measured the thermal conductivity, 

electrical conductivity, and the Seebeck coefficient of these materials in the temperature 

range of 300-573 K. The study throws light on the potential use of BCN in thermal 

management devices.  

 

3. Experimental section  

Reagents 

Boric acid (H3BO3, Merck), urea (analytical reagent, CH4N2O, SDFC), activated 

charcoal (analytical reagent, SDFC) were bought from commercial sources and were 

used without any further processing. 

Synthesis 

In a typical synthesis of BCN by urea method, boric acid (as boron source) was added 

to 20 ml deionized water taken in 100 ml beaker followed by sonication. After complete 

dissolution, urea (as nitrogen source) was added to the solution and allowed to dissolve 

completely with continuous sonication. Then activated charcoal (as carbon source) was 
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added pinch by pinch to the solution to avoid agglomeration and the solution was 

sonicated for 25 min to make a homogenous mixture. The solution was then transferred 

to a petri-dish kept at 80 OC to allow the water to evaporate slowly. After some time 

when very little water was left, the resultant slurry was transferred to a alumina boat, 

the boat was kept inside a quartz tube and heated to 900 OC with the controlled rate of 

5 OC/min for 10 hours under inert atmosphere followed by the cooling rate of 5 OC/min. 

Four different compositions of BCN were synthesized by varying the precursor ratio 

employed for synthesis. 

The as-synthesized powders were pressed into cylindrical-shaped pellets having 10 mm 

diameter by using spark plasma sintering system (SPS211-LX, Dr. Sinter Lab) where 

35 MPa of axial pressure was applied for 5 min at 550 °C in vacuum. The SPS’ed 

sample was further cut and polished for electrical and thermal transport measurement. 

 

Characterization 

Thermogravimetric analysis 

The thermo-gravimetric compositions of layered BCN were determined by 

thermogravimetric analyses with a Metler Toledo TGA-850 TG analyzer at the ramping 

rate of 5 °C/min, carried out in an oxygen atmosphere.  

Powder X-ray diffraction  

Powder X-ray diffraction patterns were collected using a Rigaku Smart Lab 

diffractometer using Cu-Kα radiation with accelerating voltage 40 kV and current 30 

mA. 

Raman Spectroscopy  
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The acquisitions of Raman Spectra were collected by Jobin Yvon LabRAM HR 800 

Raman spectrometer in the backscattering geometry using the excitation source of 

514.5 nm (green laser). 

X-Ray Photoelectron Spectroscopy  

The bonding nature and the elemental composition of BCN were determined by X-ray 

photoelectron spectroscopy (XPS) in an Omicron nanotechnology spectrometer with 

Al-Kα as a monochromatic X-ray source (hυ=1486.7 eV) at the power of 300 W. The 

step size of 0.05 eV and constant pass energy (PE) mode set to 25 eV for high resolution 

narrow spectra. All measurements were done with 54.7o take-off angle with respect to 

the sample surface and in the base pressure of 1 × 10-9 Torr. 

Field Emission Scanning Electron Microscopy  

The surface morphology and elemental mapping of the BCN nanosheets were observed 

in Nova NanoSEM 600 FESEM at different magnification with accelerating voltage of 

15 kV (for imaging) and 20 kV (for Energy Dispersive X-Ray Spectroscopy and 

Elemental mapping). 

Transmission Electron Microscopy  

TEM images of BCN nanosheets were acquired from FEI TECNAI G220 S-Twin TEM 

operating at 200 kV, fitted with a Gatan CCD camera. Elemental color mapping using 

EDS was performed during STEM imaging in FEI TECNAI G220 S-Twin TEM. 

Background was subtracted (using multi-polynomial model) during the data processing 

for EDS elemental mapping (with 500 eV minimum region of interest width). 

Electrical transport  

Electrical transport measurements were performed along the pressing direction of 

SPS’ed pellet.  Electrical conductivity and Seebeck coefficients were measured 

simultaneously under helium (He) atmosphere from 300-573 K on a ULVAC-RIKO 
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ZEM-3 instrument. The typical sample with the dimensions of ∼ 2×2×8 mm3 

(parallelepiped shape) was used for the measurement. The longer direction coincides 

with the direction in which the thermal conductivity was measured. 

Hall measurement  

To determine carrier concentration, Hall measurements have been carried out using 

four-contact Hall-bar geometry, in a magnetic field of 0.57 T at room temperature in 

equipment developed by Excel Instruments. 

Thermal transport  

Thermal conductivity was measured along the pressing direction of SPS’ed pellet.  

Thermal diffusivity, D, was measured in the range of 300–573 K by using a laser flash 

diffusivity method in a Netzsch LFA-457 instrument. Coins with ~ 8 mm diameter and 

~ 2 mm thickness were used in all the measurements. The total thermal conductivity, 

κtotal, was calculated using the formula, κtot = DCpρ, where ρ is the density of the sample 

and Cp is the heat capacity using the Dulong–Petit limit. Electrical thermal  

Table 1: Gravimetric composition of the as-synthesized BCN sheets along with the 

precursor ratio employed for synthesis.  

 

Sample  Gravimetric 

composition 
Activated 

charcoal 

(mg) 

Boric acid 
(mg) 

Urea 
(g) 

BCN-1 (BN)
0.15

(C)
0.85

 500 60 2.4 

BCN-2 (BN)
0.27

(C)
0.73

 275 60 2.4 

BCN-3 (BN)
0.45

(C)
0.55

 150 60 2.4 

BCN-4 (BN)
0.70

(C)
0.30

 30 60 2.4 
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conductivity, κel for all the samples was estimated by using Wiedemann-Franz’s law, 

κel= LσT. Temperature-dependent Lorenz number, L for all the samples were obtained 

based on fitting the respective temperature-dependent Seebeck value.  

 

4. Results and discussion 

 The BCN materials were synthesized by solid state reaction employing urea, activated 

charcoal and boric acid as precursor,7 (see details in experimental section). The layered 

BCN materials were characterized by various spectroscopic and microscopic 

techniques. Figure 1a represents a schematic of BCN layers incorporating BN and 

carbon domains along with B and N atoms in the layers. We have obtained four different 

compositions of BCN [(BN)0.15(C)0.85, (BN)0.27(C)0.73, (BN)0.45(C)0.55 and 

(BN)0.70(C)0.30, for simplicity labelled as BCN-1 to BCN-4] by varying the proportion 

of precursors i.e. boric acid, urea, and activated charcoal as shown in Table 1. The BCN 

so prepared were spark plasma sintered (SPS) to obtain dense pellets for thermal 

conductivity measurements. The density of BCN pellets (Table 2) was found 

Table 2. Carrier concentration of the layered BCN samples along with the gravimetric 

compositions, and density of SPS’ed BCN samples measured by Archimedes method.    

Sample Gravimetric 

composition 

Carrier 

concentration 

(cm-3) 

Density (g/cm
3

) 

BCN-1 (BN)0.15(C)0.85 8.54 x 1017 1.06 

BCN-2 (BN)0.27(C)0.73 8.26 x 1017 1.30 

BCN-3 (BN)0.45(C)0.55 7.40 x 1017 1.62 

BCN-4 (BN)0.70(C)0.30 2.43 x 1017 2.0 
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Figure 1. (a) Schematic of the layered BxCyNz sheets [carbon (black), boron (yellow) 

and nitrogen (blue)], (b) TGA curve of the as synthesized BCN samples, (c) PXRD 

pattern of various compositions of BCN nanosheets, (d) Raman spectra with the 

corresponding ID/IG ratio of different compositions of BCN. 

to be dependent on the composition (increasing with BN content) because of variation 

in density of h-BN and graphene nanosheets.28  

The chemical composition of (BN)1-x(C)x samples was determined by 

thermogravimetric analysis (TGA) performed in an oxygen atmosphere. Figure 1b 

shows thermogravimetric curves of the BCN nanosheets. BCN-1 shows the highest 

carbon content with the composition (BN)0.15(C)0.85 and BCN-4 with the least carbon 

content with the composition (BN)0.70(C)0.30. BCN-4 shows the high thermal stability 

compare to BCN-1 because of high BN content.16 The chemical compositions of the 

BCN samples were further verified by X-ray photoelectron spectroscopy (XPS) and  

150 300 450 600 750 900
0

20

40

60

80

100

BCN-4

BCN-3

BCN-2

 

 

 

 
W

e
ig

h
t 
lo

s
s
 (

%
)

Temperature (
0
C)

 (BN)
0.70

(C)
0.30

 (BN)
0.45

(C)
0.55

 (BN)
0.27

(C)
0.73

 (BN)
0.15

(C)
0.85

BCN-1

1000 1200 1400 1600 1800 2000

G band

I
D
/I

G
= 1.14 

I
D
/I

G
= 1.10 

I
D
/I

G
= 1.09 

BCN-4

BCN-3

BCN-2  

 

In
te

n
s
it
y
 (

a
.u

)

Raman Shift (cm
-1
)

BCN-1 I
D
/I

G
= 1.08 

D band

10 20 30 40 50 60 70 80

(100)

(002)

BCN-4

BCN-3

BCN-2  

 

In
te

n
s
it
y
 (

a
.u

)

2 (
0
)

BCN-1

(a) (b)

(c) (d)



Chapter I.2                                                                 BCN Nanosheets 

45 

 

Table 3. Crystallite size calculated from ID/IG ratio (Raman spectroscopy) of different 

compositions of BCN samples. 

 

elemental quantification from EDS measurements.   

Figure 1c shows the powder X-Ray diffraction (PXRD) patterns of BCN nanosheets. 

The broad reflection peak at ~25.1O (2θ) corresponds to the (002) plane which indicates 

disordered nanosized domains. The peak shifts to lower angles compared to the 

graphitic (002) plane confirming exfoliation of the BCN sheets with increased 

interlayer spacing. A weak reflection peak around 42.7O (2θ) corresponds to (100) plane 

of BCN.29 BCN-1 sheets after the sintering process were again examined by PXRD. 

The full width of the half maximum (FWHM) of the (002) and (100) reflections were 

reduced after hot pressing compared to the as synthesized materials, showing increase 

in crystallite/grain size.30 However, hot pressing also bought out a graphitic peak at 

26.6 O (2θ) due to increased interlayer stacking of carbon domains. Interestingly, the 

FWHM remains similar after SPS processing compared to as the synthesized samples 

indicating that the nanodomains are intact.   

Raman spectroscopy is widely used for the characterization of graphene like 2D 

materials which provides information about structural defects and dopant effects.31,32 

The spectra in Figure 1d of the as-synthesized BCN materials show the position of 

Sample Chemical 

composition 
I

D
/I

G
 ratio Crystallite 

size (nm) 

BCN-1 (BN)
0.15

(C)
0.85

 1.08 15.6 

BCN-2 (BN)
0.27

(C)
0.73

 1.09 15.4 

BCN-3 (BN)
0.45

(C)
0.55

 1.10 15.3 

BCN-4 (BN)
0.70

(C)
0.30

 1.14 14.8 
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characteristic D and G bands at 1338 cm-1 and 1597 cm-1 respectively, independent of 

the chemical composition. The characteristic G band arises from the in-plane vibration 

of sp2 hybridized carbon atoms while the D band is due to defects/disorder.8 The spectra 

show peak broadening with blue-shift in G band and red-shift in D band compared to 

graphene which is due to the increased defects or lattice distortion caused by BN 

nanodomains.10 The intensity of the D band is higher than that of the G band because it 

also has contribution from the E2g stretching mode of the BN domains besides D mode 

of the carbon domains.33,34 Raman spectroscopy can be used to calculate the crystallite 

size of the sample which was profoundly used to investigate the phonon – phonon 

scattering length. The average crystallite size (La) was estimated from the peak intensity 

Figure 2. (a) XPS survey scan showing all elements of BCN-4, (b-d) Core level XPS 

spectrum of B 1s, C 1s, and N 1s signals of BCN-4, respectively. 
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of the D band (ID) and G band (IG) by using wavelength of incident light λ (514.5 nm) 

in an equation as mentioned below:10 

𝐿𝑎 = (2.4 × 10−10)𝜆4(𝐼𝐷 𝐼𝐺⁄ )−1 

The average crystallite size so obtained are tabulated in Table 3. BCN-1 shows a 

crystallite size of 15.6 nm and BCN-4 a size of 14.8 nm. It should be noted that there is 

no significant change in the average crystallite size with the compositions which indeed 

confirms the presence of BN/graphene nanodomains in the BCN. 

X-ray photoelectron spectroscopy (XPS) was employed to understand the chemical 

bonding and composition of the BCN nanosheets. The XPS survey spectrum of BCN-

4 shown in Figure 2a was carried out in the range of 0 to 1100 eV show peaks 

corresponds to boron, carbon, nitrogen and oxygen elements. The presence of oxygen 

is due to the surface functional groups on the carbon surface as shown by earlier work.35 

Figure 2(b-d) represent the 1s core level spectra due to boron, carbon and nitrogen. 

The high resolution B 1s XP spectrum (see Figure 2b) could be deconvoluted into two 

peaks corresponding to B-C and B-N bonds centered at 191.5 eV and 192.7 eV 

respectively.17 The B-N bonds are more favorable than B-C bonds (analyzed from peak 

area) because of higher electronegativity of N. We did not observe any peak 

corresponding to B-O bonds in B 1s spectrum which confirms that oxygen can only be 

present on the carbon surface.13 The high resolution C 1s spectrum (see Figure 2c) was 

deconvoluted into four peaks at 283.65 eV (C-B bonds), 284.6 eV (sp2 carbon), 285.75 

eV (C-N bonds) and at 288.5 eV (C-O bonds arising from surface functional groups).7,8  

BCN-4 contains more C-N bonds than C-B bonds because bond length of C-B is little 

bit higher than C-N bonds (C-N have almost same as C=C bonds) which make C-N 

bonds to be energetically more stable than C-B bonds.10 The N 1s spectrum (see Figure 
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Figure 3. (a) FESEM image of BCN-4 (inset shows the corresponding EDS spectrum), 

(b) FESEM image of BCN-3, (c) FESEM image along with the EDS elemental mapping 

of BCN-4 nanosheets showing boron (red), carbon (green), and nitrogen (blue). 

2d) was fitted into three major peaks assigned at 398.2 eV, 399.2 eV and 400.8 eV 

correspond to pyridinic nitrogen, N-B bonds sum up with pyrrolic nitrogen and 

graphitic nitrogen respectively. The XPS of BCN-3 was also deconvoluted and exhibits 

same features. Chemical compositions of BCN-4 (B0.40C0.33N0.27) and BCN-3 

(B0.22C0.61N0.17) were calculated by taking the average of B, C and N, core level 

intensities and the Atomic Sensitivity Factor (ASF) of each element, and are in good 

agreement with the TGA results.        

The surface morphology of the as-synthesized BCN was examined by field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM). 

The FESEM images and the EDS data of BCN-4 (Figure 3(a-b)) show corrugated and 

entangled nanosheets. The EDS elemental color mapping of layered BCN sheets 

(Figure 3c) showing homogeneous distribution of B, N and C atoms up to a wide range. 

The entangled nature of BCN sheets is possibly due to the local strain to reduce the 
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surface energy as explained by Jin et. al for the boron and nitrogen co-doped graphite 

sheets.36  

In Figure 4(a,d) we present typical TEM images of BCN-1 and BCN-3 showing 

uniform layers of BCN which are entangled with each other (inset of Figure 4a). The 

bright field scanning transmission electron microscopy (STEM) image of BCN-1 is 

shown in Figure 4b. The EDS elemental color mapping shows homogeneous 

distribution of boron (yellow), carbon (green) and nitrogen (dark cyan) atoms in the 

BCN nanosheets at sub-nanometer scale. Selected area electron diffraction patterns 

(SAED) (Figure 4c) show weak diffraction rings due to the highly disordered sheets 

(B/N disorder) and nanosized domains. The BCN nanosheets comprise of 6-8 layers 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) TEM image of BCN-1 showing the 2D layered morphology of the 

nanosheets (inset shows the magnified image of nanosheets), (b) STEM image of BCN-

1 nanosheets and the EDS color mapping of B,C, and N elements, (c) SAED of BCN-

1 nanosheets, (d) TEM image of BCN-3. 
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 (2.4-2.8 nm thick) with lateral dimension of a few microns (µm).16 

Figure 5 presents the thermoelectric properties of (BN)1-x(C)x (x = 0.30, 0.55, 0.73 and 

0.85) nanosheets in the temperature range of 300−573 K. The thermoelectric properties 

were measured along the pressing direction of the SPS’ed samples.  The electrical 

conductivity, σ, of the (BN)1-x(C)x samples increases with increasing temperature, 

indicating typical semiconductor behaviour (Figure 5a). The σ of boron nitride rich 

composition i.e. (BN)0.70(C)0.30 is to be 19 S/m at 300 K, which linearly increases to 39 

S/m at 573 K. The relatively low σ can be attributed to low carrier concentration (2.43 

x 1017 cm-3) of (BN)0.70(C)0.30 sample (Table 2) which is measured by Hall 

measurement. BN and graphene are the well-known insulator and semimetal, 

respectively.1,12 Thus, with increasing carbon concentration in BCN, both the carrier 

concentration (Table 2) and electrical conductivity increases (Figure 5a), respectively. 

Typically, carbon rich composition i.e. (BN)0.15(C)0.85 exhibits electrical conductivity 

of ~ 1442 S/m at 295 K, which increases further to ~2141 S/m at 573 K. The electrical 

conductivity of various BCN compositions show tunable electronic structure between 

graphene and h-BN. 

In Figure 5b, we show the temperature variations of the Seebeck coefficient, S, of the 

(BN)1-x(C)x samples. In all of the compositions, Seebeck coefficient value is positive, 

indicating holes as the major carriers. This is consistent with the positive Hall 

coefficient data. The low value of the Seebeck coefficient could be attributed to several 

factors like comparatively low carrier concentration, the presence of nanodomains of 

BN/graphene, heteropolar bonds (C-B, C-N, B-N), and rich point defects related to 

C/B/N disorder. However, detailed study needs to be conducted for in-depth knowledge 

of the phenomena happening at atomically thick BCN materials. 
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Figure 5. Temperature variation of (a) electrical conductivity (σ), (b) Seebeck 

coefficient (S), (c) total thermal conductivity (κtotal) and (d) lattice thermal conductivity 

(κlatt) of (BN)1-x(C)x (x = 0.30, 0.55,0.73,0.85) samples. 

Figure 5c presents the temperature variation of total thermal conductivity, κtotal, 

of (BN)1-x(C)x (x = 0.30, 0.55, 0.73 and 0.85) samples. Both graphene and boron nitride 

have ultrahigh thermal conductivity near room temperature. Interestingly, the boron 

nitride-rich composition i.e. (BN)0.70(C)0.30 and the carbon-rich composition i.e. 

(BN)0.15(C)0.85 exhibit κtotal of ~ 1.86 W/mK and ~ 1.30 W/mK, respectively near room 

temperature. The total thermal conductivity remains almost temperature independent 

throughout the 300−573 K range. Figure 5d shows the temperature variation of lattice 

thermal conductivity, κlatt. Thermal diffusivity, D, BCN nanosheets was measured in 

the range of 300–573 K are presented in Figure 6a, and the lattice thermal conductivity, 
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Figure 6. Temperature variation of (a) thermal diffusivity (D) and (b) electrical thermal 

conductivity (κel) of (BN)1-x(C)x (x = 0.30, 0.55,0.73,0.85) samples. 

κlatt, was estimated by subtracting the electrical thermal conductivity (Figure 6b) from 

κtotal. At room temperature, (BN)0.45(C)0.55 and (BN)0.70(C)0.30 nanosheets exhibit κlatt of 

0.57 W m−1 K−1 and 1.85 W m−1 K−1 respectively. Nanostructuring, which increases the 

scattering of short and medium wavelength phonons, is a well-known strategy of 

reducing materials thermal conductivity.37 In the present BCN samples, the presence of 

nanodomains is evident from the TEM images and is one of the dominant factors for 

the experimentally observed low thermal conductivity. Additionally, SPS processing, 

in general, increases the grain size and these meso-scale grain boundaries, which in turn 

increases the scattering of long wavelength phonons (mean free paths ~ 0.1–1 mm).38 

Such grain-boundary scattering played an important role in enhancing the 

thermoelectric performance of PbTe and Bi2Te3 based alloys.38,39 Moreover, points 

defects in the lattice due to disordered B, C, and N atoms and the presence of 

heteropolar bonds (e.g. C–B, C–N and B–N) also increases phonon scattering in this 

system. Therefore, in this work, we go beyond the nanostructuring strategy, and show 

the reduction of lattice thermal conductivity by multiple length-scale phonon scattering 

through hierarchical architecturing from atomic-scale point defects and disordered 
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nanodomains to mesoscale grain boundaries.38,40 The lowest κlatt is measured in the 

(BN)0.45(C)0.55 nanosheets, which is due to the high disorder present in (BN)0.45(C)0.55 

among the various synthesized (BN)1-x(C)x compositions. 

 

5. Conclusions 

In conclusion, few‐layer BCN materials have been synthesized via solid state reaction 

employing urea, activated charcoal and boric acid as precursors. Temperature variation 

of electrical conductivity and Seebeck coefficient confirm p-type semiconducting 

behaviour of the materials. A detailed experimental investigation of the thermal 

conductivity of BCN with the variation of B, C, and N content has been carried out. 

The presence of different length-scale nano/meso hierarchical architectures like 

bonding heterogeneity (e.g. C–B, C–N and B–N), disordered BN/carbon nanodomains, 

grain boundaries and rich point defects related C/B/N disorder collectively scatter the 

heat carrying acoustic phonons, resulting in low thermal conductivity of the BCN 

nanosheets compared to that of h-BN or graphene. The low thermal conducting BCN 

nanosheets could be of value in thermal energy management.  
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Chapter II.1  

Crystalline Epitaxial Ultrathin Films of NiO 

Generated by Plasma Enhanced- Atomic 

Layer Deposition (PE-ALD)  

Summary* 

Plasma enhanced - atomic layer deposition (PE-ALD) technique is widely employed 

due to the high crystallinity at low temperatures and conformal coating of thin films of 

materials obtained by this method. Nickel oxide is one of the most studied transition 

metal oxides. Epitaxial thin films of NiO with preferred growth direction and less 

defects are of interest because of their integration in complex devices. We have 

deposited crystalline epitaxial thin films of NiO by PEALD and characterized them by 

X-Ray diffraction as well as various microscopic and spectroscopic techniques. 

Interestingly, the deposited NiO thin films show epitaxial growth of (111) plane along 

the (0006) plane of c-sapphire at all growth temperatures (200 – 260 OC). The deposited 

NiO films have smooth surface with R.M.S. roughness of 0.18 nm. The spectroscopic 

analysis confirms nearly stoichiometric NiO with 3.8 eV bandgap and the presence 

hydroxyl bonds at the surface. The study of growth behaviour of epitaxial NiO thin 

films by PEALD is of fundamental interest for the development of the field.   
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1. Introduction 

Atomic layer deposition (ALD) has emerged as a highly useful and powerful technique 

for conformal coating of high-quality materials with atomic level precision. ALD offers 

advantages over other deposition techniques such as, high crystallinity at low 

temperatures, monolayer thickness control due to self-limiting reactions, chemical 

selectivity, highly conformal and uniform films on complex substrates.1–4 Plasma-

enhanced atomic layer deposition (PEALD) is an improvement over the thermal 

process, as it supplies high energetic free radicals species of non-metal co-reactant. In 

PEALD, surface reactions are not limited by the activation energy provided by the 

substrate temperature and is useful to explore new materials.5 In ALD as well as 

PEALD, reactants are supplied alternatively into the reactor to avoid homogeneous gas 

phase nucleation. We have investigated ALD of films of nickel oxide (NiO), which has 

interesting properties of use in catalysis,6 energy storage and conversion,7,8 opto- and 

nano-electronics.9,10 NiO is an antiferromagnetic insulator which crystallizes in the rock 

salt structure (𝐹𝑚3̅𝑚) and well-known for its optical,11 electrical,12 and magnetic 

properties.13 NiO is a p-type wide bandgap semiconductor with high chemical stability 

and optical transparency. There have been attempts to prepare ultrathin films of NiO by 

ALD by using metal organic nickel precursors such as Ni(MeCp)2, Ni(dmamp)2, 

Ni(dmamb)2, Ni(thd)2, Ni(Cp)2 and Ni(acac)2. Cyclopentadienyl type precursors have 

generally yielded amorphous14 or polycrystalline NiO films.10,15,16 Some of the 

preparations have also resulted in sub-stoichiometric NiO films.17 1-Dimethylamino-2-

methyl-2-butanolate (dmamb) and related precursors generally yield amorphous 

films9,18 or cubic polycrystalline films with randomly oriented crystallites.19 Local 
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epitaxy has been found in the case of methylcyclopentadienyl (MeCp) precursor (on 

platinum (Pt) substrate).20   

High crystalline epitaxial films on heterogeneous (or complex) substrates are preferred 

for many application due to the presence of less defects, sharp interfaces and preferred 

growth orientation.21 Therefore, it is necessary to grow highly crystalline epitaxial 

conformal thin films with selective phase without post-deposition annealing. 

Stoichiometry, crystallinity, and phase selectivity of the NiO films grown by thermal 

ALD/PEALD pose problems. The choice of the precursor is also an important aspect 

in ALD because the film morphology, structure, and quality are determined by the 

precursor.22 Considering these problems, we have carried out thin film deposition of 

NiO using a cost-effective and readily available nickel acetylacetonate [Ni(acac)2] as 

the nickel precursor and studied the film growth behavior and characteristics. 

 We present results of our investigations of the epitaxial films of NiO deposited on 

(0001) oriented c-sapphire using sequential exposures of [Ni(acac)2] and O2 plasma. 

The NiO films were grown over the temperature range of 200 OC - 260 OC with a fairly 

slow growth rate of ~0.05 nm/ cycles. The growth characteristics of high quality 

epitaxial NiO films by plasma enhanced ALD have been examined in some detail. The 

films have been characterized by X-Ray diffraction as well as microscopic and 

spectroscopic techniques.  

 

 

 



Chapter II.1                                                                    NiO thin films 

65 

 

2. Scope of the present investigations  

ALD technique has been widely used for depositing high crystalline materials with 

atomic layer precision, and high conformality on complex substrates. ALD offers 

different modes for conformal coating of materials i.e. thermal and plasma enhanced 

ALD, out of which PEALD yields high crystalline thin films. We have chosen to study 

ultrathin films of NiO which occupies a unique place in the physics of transition metal 

oxides. We felt that, it was desirable to deposit crystalline epitaxial thin films of NiO 

on different substrates, since nanometer thick films of NiO by ALD could be of use to 

study the atomic scale growth behaviour and for integration of NiO in complex devices 

architectures. The present study sheds light on the use of a simple Ni compound, nickel 

acetylacetonate [Ni(acac)2] for deposition of epitaxial NiO films. The films deposited 

by 1000 PEALD cycles have been characterized by XRD, microscopic and 

spectroscopic techniques. 

 

3. Experimental Section  

Atomic Layer deposition of thin films 

The epitaxial thin films of nickel oxide (NiO) were grown on single crystalline α-Al2O3 

(0001) substrates using a flow type ALD reactor equipped with shower head plasma 

setup (Beneq, TFS 200 Finland Oy). Polycrystalline films of NiO were obtained on 

commercially purchased p-type Si(100), SiO2/Si(100) and soda lime glass substrates, 

respectively. High purity nickel acetylacetonate (Ni(acac)2, Sigma Adrich, 95%) was 

used as the nickel source, while oxygen (O2) (Chemix, 99.9995%) was used for the O2 

plasma, respectively. Before the deposition, the sapphire substrates were cleaned using 
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piranha cleaning process and washed several times by de-ionised water to remove 

contaminants. Si(100) substrates were cleaned by HF to remove the native oxide layer 

prior to deposition. All the substrates were also cleaned by ultrasonication in acetone 

and isopropanol and dried under N2. High purity nitrogen (Chemix, 99.9995%) was 

used as a carrier as well as purging gas throughout the deposition. Before starting the 

deposition, the reactor and the chamber pressure was maintained at 1 mbar and 10 mbar, 

respectively. The reactor pressure varied between 1-3 mbar during the pulsing of 

precursors while the chamber pressure remains unchanged. 

Ultrathin NiO films were prepared by plasma enhanced atomic layer deposition 

(PEALD) over the temperature range of 200 - 260 OC (Scheme 1). The PEALD process 

consists of sequential pulsing of Ni(acac)2 and O2 plasma as nickel and oxygen source, 

respectively. The O2 plasma was generated from Advanced Energy Cesar RF power 

generator equipped with automatic matching unit, controlled at 100 W forward plasma 

power. Oxygen to the plasma shower head was controlled by a mass flow controller 

(MKS Instruments) allowing 100 sccm of gas during the deposition. Ni(acac)2 was kept 

in the hot source HS-300 bubbler (Beneq, Oy) which was slowly heated to 180 OC. The 

optimised pulsing and purging times for a typical PEALD cycle were Ni(acac)2 (4s)/ 

N2 purge (4s)/ O2 plasma (10s)/ N2 purge (4s). The pulsing time for Ni(acac)2 and O2 

plasma was adequate to saturate the growth per cycle, enough purging time being given 

to remove the excess precursor after each half reaction. The deposited films were 

allowed to cool down to room temperature under ambient conditions and characterized 

without any post annealing. The growth characteristics of NiO films were studied by 

depositing films at different growth temperatures by 1000 PEALD cycles.      
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Characterization of thin films 

The thermal stability of Ni(acac)2 precursor for ALD was investigated in the range of 

30-700 OC under inert atmosphere using Mettler Toledo TGA-850 TG analyser. The 

growth per cycle (GPC) was calculated by dividing the measured thickness with the 

number of cycles. Thin film thickness (in cross-section) and surface morphology were 

determined using Nova NanoSEM 600 FESEM (FEI) operated at 15 kV accelerating 

voltage. Grazing incidence X-Ray diffraction (GIXRD) patterns of the as-deposited 

films were recorded with a Panalytical diffractometer (Empyrean) having 

monochromatic Cu Kα1 radiation (λ = 1.5404Å). High-resolution XRD patterns (θ-2θ 

and omega scans) were recorded with a Bruker D8 Discover instrument.  

X-ray photoelectron spectroscopy (XPS) measurements were made with an 

Omicron nanotechnology spectrometer with Al-Kα as a monochromatic X-ray source 

(hυ = 1486.7 eV) operated at 300 W. All the spectra were acquired with a take-off angle 

of 54.7O with respect to the sample surface. The peak fitting (Voigt function) along with 

Shirley background subtraction was performed using Fityk 1.3.1. We avoided sputter 

cleaning in order not to affect the oxidation state of elements.23 Chemical compositions 

of the films were estimated from the high-resolution XP spectra, and with energy 

dispersive X-Ray spectroscopy (EDX). Chemical compositions from XPS were 

calculated by dividing the integrated peak intensities of Ni 2p and O 1s of NiO, 

respectively by atomic sensitivity factor (ASF) of the respective element.  
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Raman spectra was recorded with a Jobin Yvon LabRam HR 800 spectrometer in 

the backscattering geometry using a 514.5 nm laser. The surface topography and the 

root mean square roughness (RRMS) of the films (1 μm × 1 μm area) were determined 

using atomic force microscopy (AFM) from a Bruker Innova instrument in tapping 

mode using high-resolution RTESPA-300 Bruker AFM probe having tip radius of 10 

nm. Optical bandgaps of NiO films were calculated using the spectra obtained with a 

Perkin−Elmer Lambda 750 UV−vis spectrometer in the transmission mode. 

 

Scheme 1: Schematic representation of PEALD process representing two PEALD 

cycles showing pulsing of Ni(acac)2 and O2 plasma followed by purging of N2 leading 

to the growth of rock salt cubic NiO films on c-plane sapphire. 

 

4. Results and discussion  

High crystalline epitaxial thin films of NiO could be deposited on c-plane sapphire 

by sequential exposure of [Ni(acac)2] as the nickel precursor and O2 plasma as the 

oxygen source. Homogeneous and uniform films of NiO were obtained by alternate 
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Figure 1: Thermogravimetric curve showing weight loss of Ni(acac)2 in inert 

atmosphere. 

self-terminating surface reactions between precursors. The films deposited by 1000 

PEALD cycles have been characterized by microscopic and spectroscopic techniques. 

The process (Scheme 1) shows the reaction of free radicals of oxygen in the plasma 

with the Ni(acac)2 molecules chemisorbed on the surface of substrate. The excess 

precursors were taken out by purging high flow of nitrogen. For a typical ALD process, 

the thermal property of precursor plays vital role as it should not decompose at the ALD 

process temperature. Figure 1 shows the thermogravimetric (TG) curve of Ni(acac)2 

from 30 OC to 700 OC performed in inert atmosphere. Initial weight loss below 110 OC 

is due to removal of adsorbed moisture because of the hygroscopic nature of Ni(acac)2. 

The TG curve shows the three-step weight loss by leaving 15% residual weight at 700 

OC. In ALD, the deposition temperature is preferable less than the temperature of 50%  

precursor’s weight loss (T50) in TG curve in order to avoid decomposition.24 It should 

be noted Ni(acac)2 is stable at the temperature at which ALD was carried out (< 275 

OC). 
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Figure 2: Cross-section FESEM established results of PEALD process window of NiO 

on c-sapphire and Si(100) showing growth rate per cycle (GPC) as a function of 

substrate temperature. (Error bars indicate the standard deviation of measured thickness 

within the detection limit of FESEM) 

The typical self-limiting and saturating nature of the ALD process is defined in 

specific temperature range which is obtained by plotting growth per cycle (GPC in 

Å/cycle) against the deposition temperature. In Figure 2 we show the GPC as a function 

of deposition temperature on Si(100) and c-plane sapphire. The GPC is calculated using 

the thickness of the deposited films by 1000 PEALD cycles. The cross-section images 

of NiO films deposited at different substrate temperatures are shown in Figure 3 and 

Figure 4. The growth rate on c-Al2O3 increased slowly from ~ 0.22 Å/cycle to ~ 0.31 

Å/cycle in the temperature range of 200 OC to 240 OC and then rapidly reached to ~ 

0.51 Å/cycle at 250 OC. Above 250 OC, the decrease in GPC could be caused by the 

precursor desorption at the surface. Non ideal ALD growth rate per cycle was also 

observed by Lindahl et. al in the case of NiO films observed by Ni(thd)2 and water 

(H2O).25 The growth rate of ~0.51 Å/cycle at 250 OC is comparable to that by 
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Figure 3: Cross-section FESEM images of NiO film deposited on c-plane sapphire 

substrate by 1000 PEALD cycles at (a) 200 OC, (b) 220 OC, (c) 240 OC, (d) 250 OC, and 

(e) 260 OC, respectively.  

 

Figure 4: Cross-section FESEM images of NiO film deposited on Si(100) substrate by 

1000 PEALD cycles at (a) 200 OC, (b) 220 OC, (c) 240 OC, (d) 250 OC, and (e) 260 OC, 

respectively.     
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Song et. al on platinum (Pt) substrate using PEALD.20 High growth rate on Si(100) 

substrate as compared to c-sapphire is considered to be related to the adsorption sites 

available on the growing crystallographic planes of NiO. Among (100), (110), and 

(111) type of planes of NiO, (111) planes possess highest chemical adsorption sites for 

the precursor molecule.20 For polycrystalline growth on silicon, crystallographic planes 

like (111), (200), (220), (311) of NiO will all be available for chemisorption, resulting 

in high GPC. The reaction mechanism for the growth of NiO would be similar to that 

proposed by Kessels and co-workers for the growth of metal oxides using plasma as a 

co-reactant.26 

Figure 5: (a) GIXRD pattern, (b) long scan HRXRD pattern of (111) plane, and (c) 

rocking curve scan, of NiO thin film grown on c-plane sapphire at 250 OC reactor 

temperature by 1000 PEALD cycles. (* denotes the substrate/holder peaks)   
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The crystalline nature of epitaxial NiO films was examined by XRD patterns. High 

quality crystalline films of NiO were obtained without post deposition annealing as 

compare to other ALD grown films reported in the literature.18,19,22 The long duration 

θ-2θ scan (Figure 5(a)) of as deposited NiO film by 1000 PEALD cycles at 250 OC 

shows (111) plane of NiO preferentially oriented along (0006) plane of c-sapphire. The 

occurrence of the second order diffraction peak in the XRD pattern also confirms the 

epitaxial nature of NiO thin films. Figure 5(b) shows the long duration high resolution 

θ-2θ scan of (111) plane of NiO deposited at 250 OC by 1000 PEALD cycles showing 

the diffraction peak at 2θ ~ 37.3781O corresponding to the rock salt structure of NiO. 

Figure 6: GIXRD pattern of NiO film deposited at 250 OC by 2000 PEALD cycles on 

(a) c-plane sapphire, (b) Si (100), (c) SiO2/Si(100), and (d) soda lime glass substrate, 

respectively.    
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The lattice constant calculated using 2θ value of (111) plane of NiO comes out to be ~ 

4.1637 Å which shows the effect of compressive strain on the NiO unit cell as compared 

to the bulk (4.176 Å). The full width half maxima (FWHM) calculated from rocking 

curve scan (or ω scan) in Figure 5(c) is 0.101O which confirms the excellent 

crystallinity of NiO films on c-sapphire. In order to compensate the large lattice 

mismatch between NiO and sapphire, the NiO film grows along the (111) plane because 

it possesses lowest strain energy. As explained by Kang et. al, if the preferred 

orientation is (111) of NiO, the transport of the precursors to the substrate surface from 

the gas/plasma phase controls the deposition rate.27 Figure 6(a) shows the increase in 

intensity and decrease in FWHM of the (111) reflection of NiO film deposited at 250 

OC on c-sapphire by 2000 PEALD cycles indicates long range grain ordering in the 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: GIXRD pattern of NiO thin films deposited on c-plane sapphire by 1000 

PEALD cycles as a function of deposition temperature. (* denotes the substrate peaks)   
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preferred direction. However, polycrystalline growth of NiO thin films (see Figure 6(b-

d)) was observed on Si(100), SiO2/Si(100), and soda lime substrates, respectively. The 

GIXRD pattern of NiO deposited on Si(100) also show peaks corresponding to SiO2 

which is caused by slight oxidation of the silicon surface by high energetic oxygen 

plasma flux. The epitaxial relationship derived from the GIXRD patterns is <111> NiO 

// <0001> Al2O3. 

Figure 7 show the XRD patterns of NiO thin films as a function of substrate 

temperature. From the GIXRD profile, it is clearly visible that the cubic NiO (111) and 

(222) peaks are present irrespective of the deposition temperature (200 – 260 OC) which 

indicates the epitaxial growth of NiO on c-sapphire at all substrate temperatures. We 

observed a decrease in FWHM value of the (111) peak with increase in growth 

Figure 8: Topographic AFM images (3×3 um2 area) of NiO films on c-plane sapphire 

deposited by 1000 PEALD cycles with respect to substrate temperature at (a) 200 OC, 

(b) 220 OC, (c) 240 OC, (d) 250 OC, and (e) 260 OC, respectively. 
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temperature showing improvement in crystallinity, and also long range ordering in 

preferred direction. These results are in consistent with the results from FESEM and 

AFM studies. Beyond 250 OC, increase in FWHM can be due to several factors like 

residual stress-strain, defect density and the reduction of film thickness/growth rate 

because of partial decomposition of precursor.28,29 

Surface morphology and grain density of the films were studied by FESEM and AFM 

images. Figure 8 (lower magnification AFM images) & Figure 9 (higher magnification 

FESEM and AFM images) shows the in-plane FESEM and AFM images of NiO thin 

films grown on c-sapphire by 1000 PEALD cycles at different substrate temperature. 

Lower magnification topographic AFM images (Figure 8) show uniform films with 

flat and planar surface at all depositing temperatures. At higher magnification, FESEM 

images (Figure 9(a-e)) as well as AFM images (Figure 9(f-j)) show the evolution of 

small grains forming big grains. At 220 OC the size and the density of grains increases 

significantly. As the growth temperature is increased to 240 OC or 250 OC, the small 

grains coalesce and form large grains with columnar morphology of the thin films. 

Figure 10 shows the variation of root mean square roughness (RRMS) of NiO films with 

the substrate temperature. The RRMS decreases from 0.268 nm at 200 OC to 0.180 nm at 

250 OC. We also see some holes in the films which possibly due to  pin-hole defects 

generally present in strained epitaxial films on heterogeneous substrates.17 Surface 

FESEM images (Figure 11) show the number density of the pin hole defects to decrease 

when the substrate temperature is increased from 200 OC to 250 OC. The results signify 

a relationship between the increase in grain density and size along with the reduction 

of pin hole defects with the increase in crystallinity of the NiO films. At 260 OC, we 

observe a large number of holes as well as agglomerates in the film. 
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Figure 9: Microscopic based results: (a-e) FESEM images, (f-j) AFM images of 

epitaxial NiO films grown on c-plane sapphire by 1000 PEALD cycles showing 

variation in density of grains with respect to substrate temperature at (a,f) 200 OC, (b,g) 

220 OC, (c,h) 240 OC, (d,i) 250 OC, and (e,j) 260 OC (circle denotes the agglomerates), 

respectively.  
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Figure 10: RRMS calculated from 3×3 um2 area as a function of substrate temperature 

of NiO films deposited on c-plane sapphire by 1000 PEALD cycles. 

Figure 12 shows the room temperature Raman spectrum of the NiO films 

deposited on c-plane of sapphire by 1000 PEALD cycles at 250 OC growth temperature. 

The band due to one phonon transverse optical mode and longitudinal optical mode [1P  

 

Figure 11: FESEM images showing variation in density of pin-hole defects in NiO 

films on c-plane sapphire deposited by 1000 PEALD cycles with respect to substrate 

temperature at (a) 200 OC, (b) 220 OC, (c) 240 OC, (d) 250 OC, and (e) 260 OC, 

respectively. 
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(TO + LO)] occurs at 512 cm-1 which corresponds to the Ni-O bond stretching 

mode.30,31 The LO mode generally comes due to disorder induced defects or Ni-OH 

bonds at the film surface (see XPS studies). The observation of only the (LO + TO) 

phonon mode is probably because of small film thickness (~ 50 nm) as mentioned in 

other reports.32 This could also be due to crystallographic orientation.30 

X-ray photoelectron (XP) spectroscopy was employed to probe the chemical 

bonding, oxidation state of element, and chemical composition of epitaxial NiO thin 

films deposited by 1000 PEALD cycles on c-Al2O3 at 250 OC. The XP survey-scan 

spectrum (1100 - 0 eV) in Figure 13(a) shows the presence of nickel, oxygen and 

carbon elements in atomic layer deposited NiO thin films. The signal at 284.6 eV is due 

to carbon (1s) arising from surface adsorbed atmospheric contamination. The 

interpretation of electronic structure of transition metal, their oxides or hydroxides by 

XPS analysis is usually complicated owing to their 2p spectra because of complex 

Figure 12: Room-temperature Raman spectra of NiO film grown at 250 OC on c-plane 

sapphire by 1000 PEALD cycles, respectively (* denotes the sapphire substrate peaks). 
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Figure 13: XP spectroscopy based results showing (a) long range survey scan, high 

resolution core level XP spectrum of (b) Ni 2p (c) O1s, (d) EDX spectrum, of epitaxial 

NiO film deposited at 250 OC by 1000 PEALD cycles on c-sapphire. 

multiplet splitting, peak asymmetries, final state effects, overlapping binding energies, 

and shake up or satellite process.33–36 However, we have investigated the core level Ni 

2p spectra carefully. Figure 13(b) show the multiplet splitting of core level XP spectra 

of Ni 2p into Ni 2p3/2 and Ni 2p1/2 along with their shake up satellite (sat.) peaks. The 

Ni 2p3/2 and Ni 2p1/2 were further fitted with suitable peaks to match the experimental 

spectra. The deconvoluted Ni 2p3/2 spectrum shows the main peak at 854.4 eV 

corresponds to Ni2+ oxidation state of nickel atoms in NiO, a shoulder peak at 856.7 

eV, and the satellite peaks from ~860.2 – 864.8 eV.33,37 The peak shouldered at 856.7 

eV arises due to the contribution from the surface hydroxylation.34,36 Consequently, 

deconvoluted core level XP spectrum of Ni 2p1/2 signal at 872.6 eV due to Ni2+ along 
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with a shoulder at 875.7 eV, and the satellite peaks at 878.6 – 883.6 eV. Figure 13(c) 

shows the core level XP spectrum of O (1s) which could be deconvoluted into two 

peaks. The peak at 529.25 eV corresponds to the binding energy of Ni2+-O-Ni2+ bonds. 

While the peak at 531.45 eV can be attributed to surface adsorbed oxygen, surface 

hydroxyl groups or defective sites in nickel oxide.6 The existence of hydroxyl groups 

have high probability because of combustion like process during plasma or could be 

resulted from the prolonged exposure of ambient environment.26,37 We could not 

observe the presence of  metallic nickel in our NiO films as mentioned in the literature 

but there might be a possibility of Ni3+ bonds caused by surface hydroxyl groups 

(NiOOH).38,39 The elemental ratio of Ni/O calculated from the XP spectrum is Ni 

(0.48)/O (0.52) which can be considered to be close to stoichiometric NiO. The EDX 

spectroscopy also shows the film to be nearly stoichiometric (see Figure 13(d)). 

The optical bandgap of NiO film grown at 250 OC by 1000 PEALD cycles on c-

sapphire was determined by acquiring the percentage transmission (%T) spectrum as a 

function of photon energy (hν). The optical absorption coefficient (α) for thin film was 

calculated using the below mentioned equation: 

𝛼 =
𝑙𝑜𝑔(100

𝑇⁄ )

𝑑
          (1) 

Where ‘T’ is the transmittance and ‘d’ is the film thickness. The optical bandgap (Eg) 

could be calculated by direct inter-band transition proposed by J.Tauc in following 

equation:40    

(𝛼ℎ𝜈)2 = (ℎ𝜈 − 𝐸𝑔)
          

(2) 
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Figure 14: Tauc plot showing the optical bandgap of epitaxial NiO film deposited at 

250 OC by 1000 PEALD cycles on c-sapphire. 

   

Figure 14 shows the plot of (αhν)2 versus hν and the value of Eg was determined 

from the photon energy intercept by extrapolating a straight line to α = 0 value of the 

plot. NiO films show the direct bandgap of 3.8 eV which is consistent with the literature 

reports.41 The sharp absorption tail/edge can be inferred as highly crystalline nature of 

NiO thin films in contrast to the weak absorption tail in amorphous materials.42 
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5. Conclusions 

In conclusion, crystalline epitaxial thin films of NiO have been deposited on c-plane 

sapphire using sequential exposures of [Ni(acac)2] as nickel precursor and O2 plasma 

as oxygen source by plasma enhanced atomic layer deposition technique. The NiO thin 

films show fairly slow growth rate of 0.51 Å/cycle at 250 OC. X-Ray diffraction pattern 

shows the growth of highly crystalline cubic rock salt type NiO thin films with epitaxial 

relationship of <111> NiO // <0001> Al2O3 with the substrate. FESEM and AFM 

studies confirm the evolution of small grains to form big grains with columnar 

morphology with reduced surface defects and roughness as the deposition temperature 

increases. XPS and other spectroscopic techniques show the material to be nearly 

stoichiometric and crystalline. The success in growing crystalline epitaxial thin films 

of NiO on c-sapphire by PEALD by using the nickel acetylacetonate precursor suggests 

that the methodology employed here may be useful to generate ultrathin films of other 

transition metal oxides. 
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With the increasing demand of ultrathin films of materials for compact 

nanoscale devices, there is need to explore the fundamental properties of materials at 

atomic scale thickness. Materials when reduced in one spatial dimension, typically 1 – 

100 nm, exhibit unique properties compared to their bulk counterparts because of 

quantum confinement and other factors. Ultrathin films of layered and non- layered 

materials possess properties which could be of use in opto- /nanoelectronics, thermal 

management and energy devices related applications. This thesis deals entirely with the 

deposition (or synthesis), characterization of thin films (nanosheets) of  layered (BN)1-

x(C)x and of a non-layered metal oxide, nickel oxide. Solid state synthesis, pulsed laser 

deposition and atomic layer deposition techniques have been employed and certain 

important properties of these materials examined. 

 Graphene and h-BN are the two most well known two-dimensional layered 

materials. Graphene is a gapless material while h-BN is a large bandgap (~ 6eV) 

material. There have been efforts to tune their electronic properties, but the bandgap 

could only be changed by a few meV. Borocarbonitrides, BxCyNz (BCN for short), with 

a similar honeycomb lattice, constitute a new class of 2D layered materials containing 

both graphene and BN domains along with the BCN rings in the network. BCN 

materials possess unique electrical and physical properties which are distinct from 

graphene and h-BN. These materials are of particular interest because they allow one 

to tune the electronic properties from those of gapless graphene to those of high 

bandgap h-BN.  

 Thin films of borocarbonitrides, (BN)1-x(C)x, of various compositions have been 

deposited by pulsed laser deposition (PLD). (BN)1-x(C)x films deposited from varied 

target compositions have been characterized by spectroscopic (Raman spectroscopy, 

XPS) and microscopic (FESEM, AFM, TEM) techniques. It has been possible to vary 

the composition to obtain different bandgaps. BCN films deposited on insulating 

transparent substrates allow us to probe their optical and electrical properties, which 

change systematically with the composition. The optical band gap of these films shows 

a nearly linear relationship with the composition in the range of 0 to 6 eV.  Even though 

there are a few literature reports on BCN films, the tuning of electronic structure from 

graphene to BN has been achieved for the first time. BCN films show semiconducting 
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properties, and the electrical resistivity of the films varies with the composition, 

following the ES-VRH behaviour in the low temperature regime. 

 Few-layer BCN nanosheets of different compositions have been synthesized by 

solid state reaction employing urea, boric acid and activated charcoal. The synthesized 

BCN have been characterized by Raman spectroscopy, X-ray photoelectron 

spectroscopy, transmission electron microscopy and others. Although there have been 

theoretical studies, experimental studies of the thermal transport and thermoelectric 

properties of BCN materials have not yet been explored. Temperature variation of 

electrical conductivity and the Seebeck coefficient confirms p-type semiconducting 

thermoelectric transport properties in 300-573 K range.  More interestingly, the BCN 

exhibit low thermal conductivity (0.58 to 1.86 W/mK) unlike hexagonal boron nitride 

and graphene over the temperature range of 300-573 K. The low thermal conductivity 

of BCN materials arises due to significant phonon scattering by the different length 

scale hierarchical nano/meso architectures such as bonding heterogeneity (e.g. C–B, C–

N and B–N), point defects related C/B/N disorder, nanodomains of BN/carbon and 

grain boundaries. The low thermal conductivity of BCN materials could be of value in 

thermal energy management.  

With the increasing demand for atomic level thickness control and conformal 

films, atomic layer deposition (ALD) turns out to be the most effective technique for 

the purpose. ALD processes have been developed for a wide variety of materials, and 

the growth of pristine single phase materials with preferred orientation with the 

underlying substrate has practical utility. Most of ALD deposited materials are however 

polycrystalline or amorphous. In this work, crystalline epitaxial thin films of NiO have 

been deposited on c-sapphire by PEALD and characterized by X-Ray diffraction as 

well as various microscopic and spectroscopic techniques. Interestingly, the deposited 

NiO thin films show epitaxial growth of (111) plane along the (0006) plane of c-

sapphire at all growth temperatures (200 – 260 OC). The FESEM and AFM based 

microscopic study confirms the evolution of small grains to form big grains with 

columnar morphology with reduced surface defects and roughness of NiO films as the 

deposition temperature increases. Spectroscopic analysis confirms the films to nearly 

stoichiometric with a 3.8 eV bandgap with the presence hydroxyl groups at the surface. 
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The authors hope that the results presented in this thesis will make significant 

contribution for the understanding of materials at the nanoscale. 
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