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1.1 Motivation of the project 

The family of boron, nitrogen and carbon containing materials exhibits a 

variety of attractive optical, electronic and chemical properties and shows an 

example of excellent possibility to combine several functionalities in one 

compound 1–6. Graphene, hexagonal boron nitride (h–BN) and sp2–hybridized 

Boron–Carbon–Nitrogen (BCN) composites exhibit a near–perfect match of their 

crystal lattices 7–9. Ultra–thin layers of these materials and their vertical stacks, with 

compositions varying from pure graphene to pure h–BN, can lead to discovering 

new effects in solid–state systems and are therefore very attractive for potential 

applications in next–generation technologies. Graphene, for example, features an 

exceptionally high charge carrier mobility 7,9 and optical transparence 10–12, which 

are of prime importance for (opto)electronics. With its very large surface–to–

volume ratio, graphene further holds considerable promise as a new anode 

material in energy–storage devices 13. On the other hand, h–BN has attracted much 

attention as a dielectric with relation to graphene–based devices. More generally, 

ultra–thin layered BCN–materials with varying composition are expected to 

enable a rich variety of electronic properties, notably a tunable bandgap, 

potentially resulting in new applications 14,15. 

h-BN is recognized as an ideal insulating template for graphene based 2D 

devices due to its excellent properties 16. Firstly, h-BN monolayers are isostructural 

to graphene, with a lattice mismatch of 1.7% 17. Multilayers of h-BN are structurally 

similar to graphite, exhibiting a layered honeycomb structure with strong covalent 

bonds between boron and nitrogen atoms within each layer, and weak van der 

Waals forces bonding together the neighboring layers 17,18. Such structural 

properties enable excellent interaction of h-BN with graphene and graphite, and 

hence it has great potential for various nanoelectronics device applications 7. 

Furthermore, h-BN possesses high mechanical hardness and resilience 19, a wide 

bandgap of 5.9 eV 20 and high thermal conductivity 21 encouraging its applications 

in transparent membranes 16,17, gate dielectrics 22,23 and power devices 24. For 
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example, enhanced mobilities and high current on-off ratios are obtained when 

graphene field effect transistors are integrated with h-BN 25,26.  

Although h-BN is an electrical insulator, inclusion of foreign elements (i.e. 

carbon) can, in principle, allow to tune its properties (i.e. decrease its bandgap), 

and is therefore an interesting avenue to explore. Such elements (i) can be located 

at grain boundaries, (ii) can substitute an atom 27 or (iii) form separate phase(s) 28. 

For example, the catalytic properties of BN can be improved with low levels of 

phosphorus (P) atoms present as dopants 29. In addition, p-type conductivity in h-

BN films has been achieved by doping with beryllium (Be) 30, magnesium (Mg) 31 

and zinc (Zn) 32. Further, excess boron (B) incorporation into boron nitride enables 

tuning the refractive index (n) 33,34 in a wide range; n increases with the B content 

due to the presence of B-B bonds. Moreover, higher electrical conductivity is 

reported when the boron content is increased 35. 

To reiterate, BCN–materials with varying composition (i.e., ratio of the 

constituting elements) are of particular interest to enable a rich variety of 

properties. For that reason, synthesis, characterization and possible applications of 

these materials are widely studied. Experimental 27,36–40 and theoretical 41–45 studies 

showed that BCN-materials have attractive mechanical, electrical and optical 

properties. For example, Yuki et.al. 37 reported that the optical bandgap of the BCN 

film decreased by ~35% and the electrical resistivity decreased by 3 orders of 

magnitudes (from 1012 to 109 Ω cm) when the C content increased from 6% to 30%. 

Additionally, Ajayan et. al. 28 reported an increased electrical conductivity with 

increasing percentage of carbon.  

It should be noted that C and h-BN tend to form segregated C and BN 

domains in the BCN system, making the formation of single-phase BCN films 

challenging. Although B-, C- and N-containing materials are often referred to as 

“BCN” in the literature, the constituting phases are usually not well specified. It 

remains then a question mark whether such a “BCN” material is composed of a 

single phase or multiple phases. The latter can contain for example mixed 

inclusions of pure carbon and pure boron nitride. The same holds for B-rich BN, 
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which can be composed of a pure (elemental) boron (pure-B) and a pure boron 

nitride phase. Thus, further investigation of the materials, which are generally 

united under the term “BCN”, is certainly required. 

The technologies available for fabrication nowadays have, however, clear 

drawbacks, for example high temperature (high-T) requirements, phase 

segregation in multicomponent films, reproducibility issues and low conformality, 

that limit the potential industrial applications of these materials and prevent 

achieving technological maturity. For that reason, alternative techniques for 

deposition to achieve the fabrication requirements are needed. To this purpose, 

atomic layer deposition (ALD) has emerged as an important technique for 

deposition of ultra–thin layers at relatively low temperatures for industrial 

applications due to its advantages over other methods.  

First (1), high-T processes are more likely to lead to separated phases since 

this is thermodynamically favorable 28,43. To synthesize a single-phase material 

(real BCN or B-rich BN in one phase) low-T methods are preferable. For the chosen 

precursors in this work, certainly for BBr3 and TEB, ALD occurs at low 

temperatures 46,47. Still low-T processes tend to reach chemical equilibrium, which 

may lead to phase separation. In this case, radical-assisted processes, e.g. hot-wire 

(hot tungsten filament) and plasma assistance, exhibit a higher chance of obtaining 

mixed phases, and thus for forming a single phase, as they occur not in equilibrium 

48. In addition, they allow lowering the process temperature to room temperature 

and limit the temperature effects even to a larger extend. Second (2), ALD allows 

to simplify the deposition chemistry, limiting the study to heterogeneous (surface) 

processes only. This finally helps to better understand the processes. Altogether, 

(1) and (2) rationally lead to (i) a pulsed manner of introducing precursors with 

purges in between, (ii) low-T, and (iii) possible use of HW or plasma. Therefore, 

thermal or radical enhanced ALD methods become convenient choices. 

In this project, we focus on the deposition of boron–nitrogen and boron–carbon–

nitrogen containing thin films by thermal and radical–enhanced methods. We explore both 

pulsed-deposition and ALD approaches, with the aim to comparatively study and 
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understand the growth mechanisms, observe the occurrence of either single or multiple 

phases, and study the material properties.  

1.2 Introduction to atomic layer deposition 

Atomic layer deposition is a technique, suitable for the production of thin 

films with a thickness control down to a fraction of a monolayer 49,50. It is based on 

sequential introduction (pulse) of two or more reactive gases (also called 

precursors) into a reactor, resulting in self–limiting gas–solid reactions occurring 

at the surface of a suitable substrate 49,51. Contrary to chemical vapor deposition 

(CVD), an inert gas purge between pulses of different precursors prevents 

chemical reactions in the gas phase 49–51. Thus, an ALD cycle can be expressed as 

giving (i) precursor A, (ii) purge, (iii) precursor B, and (iv) purge. Ideally, in steps 

(i) and (iii), the precursors must exhibit self-limiting reactions on the surface. This 

means that a chemical reaction of a precursor in the gas phase with a surface that 

is already covered by the same precursor is not possible. Due to the self-limiting 

nature, ALD has the capability to coat complex shapes (i.e., high aspect ratio 

structures) with a conformal layer 52–55. Furthermore, the purging steps (steps (ii) 

and (iv)) should be long enough to ensure the removal of residual gases from the 

reactor. As a result of one cycle, a layer of certain thickness is deposited on the 

surface. This is referred to as the growth per cycle (GPC). ALD cycles are repeated 

until the desired thickness has been achieved. The reaction temperatures should 

be chosen such that condensation (i.e., physisorption of multilayers) of the 

reactants is prevented, whereas their chemisorption leads to the formation of not 

more than a monolayer. A schematic illustration of one ALD cycle for forming 

aluminum oxide (Al2O3) by sequential exposures to trimethylaluminum (TMA – 

Al(CH3)3) and water (H2O) 56 is given in Figure 1-1. After a complete cycle, the -

OH terminated surface is reproduced; repeating the cycle builds up a film. 
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Figure 1-1. Schematic illustration of one ALD reaction cycle. (i) -OH terminated surface 
exposed to TMA results in CH4 removal and leaves H3C-terminations; (ii) purge: 

removal of CH4 and excess TMA; (iii) the H3C –surface is exposed to H2O, eliminating 
CH4 and re-creating -OH terminations; (iv) purge: removal of CH4 and excess H2O 56. 

ALD can be performed in thermal and radical-enhanced modes 57. Thermal 

ALD processes are commonly used to deposit two–element materials such as 

oxides and nitrides. Thermal ALD of single–element films (metals or 

semiconductors), except for notable exceptions, is difficult 49. A solution can be 

provided by radical–enhanced ALD (REALD) 58. Radicals can enable reactions that 

are not possible in thermal mode. Furthermore, radicals can lower the deposition 

temperature down to room temperature, as occurs for example for Al2O3 REALD 

59. The radicals can be generated by dissociating one of the (two) precursors by, for 

example, a plasma source (the so-called plasma–enhanced ALD - PEALD). If 

ammonia (NH3) gas is introduced through plasma, a variety of reactive NHx (x=0–

2) radicals as well as atomic hydrogen (at-H) species can be generated 60. The 

presence of NHx will greatly increase the rate of surface nitridation at low 

temperatures. The surface bombardment with energetic species (ions, electrons) 

can additionally provide energy to the surface and thus change film properties. 

For instance, several groups have observed improved crystallinity upon plasma 

assistance for aluminum nitride (AlN) 61, hafnium oxide (HfO2) 62 and vanadium 

pentoxide (V2O5) 63 films. However, detrimental effects may also occur, such as 

reduced thickness uniformity 64,65 and possible damage of the film. This makes 

PEALD less attractive for certain applications. 

substrate substrate substrate substrate

Repeat cycle

i) Exposure of 
precursor 

TMA on OH 
terminated 

surface

ii) Purge:
CH3

terminated 
surface

iii) Exposure 
of precursor 
H2O on CH3

terminated 
surface

iv) Purge
OH 

terminated 
surface

CH4

+TMA +H2O

CH4
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Another approach to generate radicals is by utilizing a hot–wire (HW) 66,67. 

In this method, a hot tungsten (W) filament, heated up to ≈2700 K, can be used to 

dissociate molecules such as hydrogen (H2) and ammonia into atomic hydrogen 

and NHx 66–72. Compared to plasmas, this method enables purely chemical film 

growth, since it excludes the presence of energetic charged species and (UV) 

photons, reducing poorly controlled chemical reactions, possible surface 

bombardment effects and photo–activation 66,67,73–75. 

1.3 Thin film deposition facilities 

Thin film deposition experiments were performed using two different 

reactor systems, namely a home–built cluster and a Picuson plasma ALD/CVD (R-

200) setup. The home–built cluster system (Figure 1-2) consists of two gas 

distribution networks and three reactors (all equipped with turbo–molecular 

pumps) connected to a loadlock. The latter minimizes surface/interface 

deterioration by constantly keeping the reactors under vacuum conditions (10–7–

10–8 mbar base pressure). All the reactors allow installation of a spectroscopic 

ellipsometer (SE) for in–situ (real time) monitoring the film growth. The 

ellipsometer (Woollam M2000FI) operates in a wavelength range of 245–1688 nm. 

The reactors are equipped with high–speed ALD valves having a time resolution 

of 0.1 s. The home–built hot–wire (HW) tool can be installed to provide at-H and 

NHx radicals by dissociation of H2 or NH3. The HW can be mounted either in 

horizontal (not in line–of–sight with the substrate) or vertical (in line–of–sight with 

the substrate) position in both Reactor–1 and Reactor–3.  
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Figure 1-2. A drawing of the home–built cluster system consisting of 2 gas–distribution 
networks and 3 ALD/CVD reactors connected to a loadlock. A spectroscopic ellipsometer 
(Woollam M2000FI) can be mounted on all reactors to monitor the film growth in-situ. 

A drawing of Reactor–1 (also referred to as the cold–wall reactor), which 

was employed for the experiments discussed in Chapter 6, is shown in Figure 1-3. 

In this setup, another chamber equipped with a Fourier Transform Infrared 

Spectrometer (FTIR) is positioned in the downstream direction (see Figure 1-2), 

which allows studying the reaction byproducts. Reactor-1 is rather big and has an 

effective volume of 70 liters – much larger compared to that of Reactors 2 and 3. 

Further, it does not contain a small inner chamber, unlike Reactor–2 and Reactor–

3 (see Figure 1-4 for the latter). Reactor-1 was used for ALD of BN films from boron 

tribromide (BBr3) and NH3, using nitrogen (N2) or argon (Ar) as carrier gases. The 

NH3 was introduced from top (through the so-called cross assembly), whereas the 

BBr3 supplied via the gas ring located at 10 cm above the substrate.  
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Figure 1-3. A drawing of the cold–wall reactor (Reactor–1) with a volume of ~70 liters.  

The homebuilt hot–wall Reactor–2 was used to deposit amorphous silicon 

(a–Si) layers from tri-silane (Si3H8) at 400 oC, to passivate B(C)N ALD films. This 

reactor has a small-volume (24 ml) inner reactor, placed inside a much bigger 

(several liters) cold–wall outer reactor. Importantly, the walls of the inner reactor 

were kept at elevated temperatures during deposition.  

Reactor–3 (Figure 1-4) was used for the majority of experiments discussed 

in Chapters 3, 4 and 7. Similar to Reactor–2, the hot–wall small-volume inner 

reactor is placed inside a big-volume cold–wall outer reactor. Having small 

volumes is advantageous since, by reducing the precursor delivery- and purge 

times, it allows to efficiently maintain an ALD mode. The precursors can be 

supplied both from the top (through the cross-assembly) and the lateral gas inlets 

located at 2–3 cm distance above the substrate. 
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Figure 1-4. A cross-section of Reactor–3. The wafer is placed between the heated top and 
bottom part of the inner chamber with a volume of 32 ml. The hot–wire (tungsten 

filament), gas inlets and SE optical path are indicated. 

The Picosun plasma reactor (Figure 1-5) was used for studying depositions 

in both thermal and plasma-enhanced ALD (PEALD) modes, as further discussed 

in Chapters 3, 4, 5 and 6. The reactor is equipped with a plasma source, to generate 

a maximum power of 2.5 kW, and an in–situ Woollam M2000XI SE.  

 

Figure 1-5. Picosun plasma ALD/CVD reactor equipped with a plasma source and 
spectroscopic ellipsometer.  
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1.4 Thesis outline 

Chapter 2 discusses the application of spectroscopic ellipsometry for 

determining thickness, optical functions and composition of the films. It further 

discusses the chemical reaction mechanism. Chapter 3 presents a study of the 

composite nature of boron rich boron nitride films. It is shown, by using x-ray 

photoelectron spectroscopy (XPS) and SE, that the films consist of two separate 

phases, namely pure boron and pure boron nitride. The optical SE model 

developed in this chapter is further applied in Chapter 4. Chapter 4 discusses the 

growth mechanism of BN films deposited from diborane (B2H6) and NH3 in a 

pulsed regime, to mimic an ALD process. Further, purely–thermal and radical–

enhanced deposition modes are compared by gradually changing the degree of 

NH3 dissociation, from low by hot-wire to high by plasma–assistance. It is 

demonstrated that, in thermal mode, the growth and composition of the layers are 

strongly dependent on the total gas pressure. This allows to hypothesize a growth 

model via a so–called surface–adduct mechanism (pre-introduced in Chapter 2, 

Section 2.3). Chapter 5 reports on the applicability of the surface–adduct 

mechanism to ALD of BN from BBr3 and NH3. Chapter 6 compares purely-thermal 

and radical-assisted methods. It further reports on the effects of reactor design on 

the film growth aspects, comparing the results obtained with the hot-wall and 

cold-wall reactors. Chapter 7 investigates thermal deposition of B-C-N films from 

triethylborane (TEB) and NH3 with various amounts of carbon. Additionally, so-

called ALD super-cycles, leading to the incorporation of AlN into BN or B-C-N 

matrix are studied. Chapter 8 concludes the thesis and gives recommendations for 

future research. 
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2 Studying film growth: spectroscopic ellipsometry and 

adduct-assisted pathway 

Abstract 

This chapter discusses the issues important for studying thin films by spectroscopic ellipsometry 
(SE) and in relation to the specific film-formation mechanism explored in this thesis. The SE 

optical models, applied for studying optical functions, measuring film thickness and estimating 
film composition, are explained. The thickness values obtained by SE are compared with those 

from high-resolution transmission electron microscopy (HRTEM) and x-ray reflectometry 
(XRR). The composition is verified with XPS. The results show a good agreement indicating 

applicability of the developed SE model. In–situ SE is used to study the growth in real time (to be 
shown in Chapters 3–7) and determine film composition (to be discussed in Chapters 2-4). 

Further, the surface reaction mechanism, known from the literature and referred to as the surface-
adduct pathway, is explained. This mechanism is further hypothesized to occur in the processes 

discussed in Chapters 4–7. 
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2.1 Introduction 

This chapter reports on the theory and application of spectroscopic 

ellipsometry (SE) for studying optical functions, measuring thickness and 

estimating composition of thin films. The relevant optical models will be explained 

in Section 2.2. Section 2.3 discusses the surface reaction pathway (further referred 

to as adduct pathway or adduct mechanism) which is proposed to occur for BN 

films. This mechanism is investigated in Chapters 4–7. 

2.2 SE modelling 

SE is an optical characterization technique which is used to determine a 

variety of properties (e.g., refractive index n, extinction coefficient k, thickness) of 

thin films with high accuracy and in a non–destructive manner 1–3. SE is widely 

used for real time (in-situ) studies of film growth. It has been shown that SE is a 

reliable technique to obtain physical, optical and electrical properties, providing 

insights into growth mechanism of various materials. 

Spectroscopic ellipsometry measures the change in the polarization of light 

reflected from a sample, as a function of wavelength λ. The thickness and optical 

functions (n and k) are obtained by fitting the following model (equation 2.1) to the 

experimental data with the Levenberg–Marquardt algorithm 1,2. 

tan(𝛹)𝑒𝑖𝛥 =
𝑟𝑝

𝑟𝑠
= 𝑟.      (eq. 2.1) 

In this equation, r is defined as the ratio of the amplitude reflection 

coefficients for p–polarized light (rp) to s–polarized light (rs). Psi (Ψ) and delta (Δ) 

represent the magnitude of the reflectivity ratio and the phase difference between 

rp and rs, respectively. Ψ and Δ are the parameters experimentally (directly) 

measured by SE. 

The analysis of the measured psi and delta values for each λ or photon 

energy (E) allows to extract sample properties such as thickness and optical 

functions. For that, an optical model is required. The entire modeling includes: (i) 
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identifying the number and order of contributing sub-layers, (ii) modeling (or 

measuring) dielectric functions (ε) of the contributing layers as a function of λ or E, 

and (iii) fitting the measured Ѱ- and Δ-data for each λ or E 1. The validity of the 

analysis is mathematically estimated by the mean square error (MSE), χ2, which 

represents the agreement between the measured and modeled (fitted) data 2. Since 

(some of the) optical properties are usually unknown, they become the fitting 

parameters. Having too many fitting parameters increases the uncertainty; 

carrying out a correct modelling procedure is thus very crucial for truthful 

interpretation of the results.  

In this study, we used a stacked-layer model (see Figure 2-1) consisting of 

several sub-layers. Each sub-layer was assigned to have optical functions of the 

corresponding material. Since silicon (Si) exhibits well-known temperature (T) 

dependent optical functions n(λ,T) and k(λ,T) 1,4, this was used for in–situ surface-

temperature measurements. For Si and silicon dioxide (SiO2), these functions were 

taken from the literature 1,5 and fixed in the model. The SiO2 thickness was pre-

determined by ex–situ SE and subsequently fixed in the model. A capping layer of 

amorphous Si (a-Si) was sometimes used to protect the films upon the exposure to 

oxidizing ambient (air). 

 

Figure 2-1. Stacked-layer SE model. 

Optical functions of the layer of interest (in our case B-, N- and C– 

containing layers) were fitted using Kramers–Kronig consistent (KK–consistent) 

Silicon dioxide (SiO2)

Substrate – Silicon

Layer of interest

Roughness

Capping layer (optional) 
a-Si
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B–spline parameterization (node spacing 0.3 eV) without assuming a particular 

spectral shape 6 for each location (ex–situ wafer mapping) and each time frame (in–

situ measurements). Following the B–spline parameterization, each film was 

analyzed using one of the optical models given below. 

The Tauc–Lorentz (TL) and Lorentz (L) oscillators were employed to model 

the optical functions of boron (pure-B) films. The complex dielectric function (𝜀) 

used in these oscillators can be parameterized by equation 2.2 1,7.  

𝜀 =  𝜀1𝑚 + 𝑖𝜀2𝑚      (eq. 2.2) 

In this equation, ε1m and ε2m are the real and imaginary parts of the dielectric 

function - 𝜀, respectively, and m is the oscillator number. When ε2m is known, ε1m 

can be obtained by Kramers–Kronig integration of ε2m as shown in equation 2.3: 

𝜀1𝑚 =
2

𝜋
𝑃 ∫

𝜉𝜀2𝑚(𝜉)

𝜉2−𝐸2
𝑑𝜉

∞

𝐸𝑔𝑚
 ,     (eq. 2.3) 

with the principle value integral (P) given in ref. 1 and Eg denotes the energy 

gap. In a Tauc-Lorentz oscillator, ε2m is defined by equations 2.4 and 2.5: 

𝜀2𝑚 = [
𝐴𝑚𝑝𝑚𝐸𝑜𝑚𝐵𝑟𝑚(𝐸−𝐸𝑔𝑚)

2

(𝐸2−𝐸𝑜𝑚
2 )

2
+𝐵𝑟𝑚

2 𝐸2

1

𝐸
] → E > Eg    (eq. 2.4) 

𝜀2𝑚 = 0 → E ≤ Egm ,      (eq. 2.5) 

where Ampm is the amplitude and Eom is the central energy of the mth 

oscillator, and Brm is the broadening parameter. 

The ε2m parametrization for a Lorentz oscillator is given in equation 2.6. The 

components of the equation have already been described above. 

𝜀2𝑚 =
𝐴𝑚𝑝𝑚𝐵𝑟𝑚𝐸𝑜𝑚

(𝐸𝑜𝑚
2 −𝐸2)2+𝐸2𝐵𝑟𝑚

2      (eq. 2.6) 

Each oscillator function describes an electronic transition or, in the case of 

TL, a series of transitions between two bands. Dielectric functions formed by 

multiple transitions can be constructed by summation of the relevant oscillator 

functions. 
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To successfully model pure-B films and B/BN composites, it was necessary 

to include a Lorentz oscillator with a thickness dependent amplitude (see Chapter 

3 for details), to describe a feature near the band edge (at ~3.3 eV). Including this 

thickness dependence significantly improved the fit accuracy. To note, this feature 

did not match with any known electronic transitions of BN according to the 

theoretical and experimental works surveyed 8–12.  

The refractive index, n, was fitted using the Sellmeier model (equation 2.7), 

limited to the transparent range 1,2: 

𝑛2(𝜆) = 𝐴 + 𝐵𝜆2/(𝜆2 − 𝐶) .     (eq. 2.7) 

 In this equation, A, B and C are Sellmeier coefficients which are obtained 

by fitting this model to experimental data 1,13. Consistent thickness values were 

obtained from both KK–consistent B–spline parameterization (in the entire 

wavelength range 245–1688 nm) and the Sellmeier (transparent region only) 

model. 

Finally, the surface roughness of the layer can be taken into account by 

using the Bruggeman effective medium approximation (EMA) 1,14,15. The EMA 

used for this analysis considers the (surface) rough layer to consist of 50 vol. % of 

(ambient) voids and 50 vol. % of the corresponding layer material.  

The correlation between multiple fit parameters was minimized by variable 

angle SE (VASE) measurements (ex-situ) and multi–sample analysis (MSA). The 

former provides more measurement events performed under different angles on 

the same location (spot) on the wafer. The MSA compares the same material at 

different film thicknesses, increasing the consistency in determining optical 

functions. Further details on VASE and MSA can be found in ref. 5,16–22. 

Sensitivity tests were performed to confirm that the fits represented unique 

and global solutions rather than local or shallow minima, and to estimate errors in 

fitting the parameters 23. The sensitivity analysis delivers an MSE value for a range 

of values of one fit parameter.  
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2.2.1 Comparison of the thicknesses measured by SE, TEM and XRR 

In order to verify the applicability of the SE optical model to determine the 

film thickness, we measured thicknesses of several stoichiometric-BN samples 

deposited at various conditions, by high-resolution transmission electron 

microscopy (HRTEM) and X–ray reflectometry (XRR), as given in Tables 2-1 and 

2-2. 

Table 2-1. A comparison of BN film thicknesses as determined by SE and HRTEM. 

Sample 

Method 
1 2 3 

SE 15 nm 8 nm 18 nm 

HRTEM 12 nm 8 nm 14 nm 

Table 2-2. A comparison of BN film thicknesses as determined by SE and XRR. 

Sample 

Method 
1 2 3 4 5 

SE 30 nm 15 nm 13 nm 15 nm 13 nm 

XRR 28 nm 14 nm 13 nm 15 nm 13 nm 

The comparison indicates all the thicknesses to be in agreement. This 

verifies the applicability of the developed optical model and provides a solid 

platform for further characterization of the deposited thin films. 

2.2.2 Compositional analysis by SE 

The EMA model was originally developed to predict the effect of inclusions 

of a given material into another material by using the materials dielectric functions 

1,2,24,25. The model can adequately describe optical functions of a layer consisting of 

two uniformly mixed components (similar to the roughness determination). In 

case of a two-phase material, the EMA gives the following complex dielectric 

function 𝜀𝐸𝑀𝐴 of the composite 1,15: 
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𝜀𝐸𝑀𝐴 =
𝜀𝑎𝜀𝑏+𝜅𝜀𝐸𝑀𝐴(𝑓𝑎𝜀𝑎+𝑓𝑏𝜀𝑏)

𝜅𝜀𝐸𝑀𝐴(𝑓𝑎𝜀𝑏+𝑓𝑏𝜀𝑎)
     (eq. 2.8) 

In this equation, 𝑓𝑎 and 𝑓𝑏 are the volume fractions of the “a” and “b” 

component, respectively, and 𝜀𝑎 and 𝜀𝑏 are their corresponding dielectric 

functions. Further, 𝜅 is defined as 𝜅 = (1 − 𝑞)/𝑞 using the screening factor 𝑞 

ranging between 0 and 1 1,15. The screening factor is given by q=1/3 for the EMA 

model used in this work. 

To use the EMA model, individual optical functions of the contributing “a” 

and “b” components have to be known. For that, we used the Sellmeier model 

optimized for stoichiometric BN since this material possesses transparency in the 

entire range of our ellipsometer. Further, we used a combination of Tauc-Lorentz 

and Lorentz (with a thickness dependent amplitude – see Chapter 3) oscillator 

models developed for pure-B. Substituting the optical functions of stoichiometric 

BN and pure-B into equation 2.8 revealed pure boron volume fractions in the B/BN 

composites. This methodology showed good agreement with XPS measurements, 

as will be discussed in Chapter 3. The EMA model was employed to determine the 

composition of samples discussed in Chapter 4 as well.  

2.3 Adduct-assisted pathway 

It is well known that so–called Lewis–acids and Lewis–bases can react with 

each other, resulting in the formation of an adduct 26. Examples of Lewis acids are 

group III metal–organic compounds (e.g., trimethylaluminum – TMA) and the 

corresponding halides (e.g., AlCl3, BBr3 27,28), whereas group V hydrides (e.g., NH3) 

belong to Lewis bases. Reaction 2.1 gives an example of such adduct formation in 

gas phase from TMA and NH3 29,30: 

Al(CH3)3 + NH3 → H3N:Al(CH3)3 ,   (reaction 2.1) 

where H3N:Al(CH3)3 is the adduct. 

The adducts can decompose at certain temperatures and form gaseous 

compounds. Formation of a gas-phase H3N:Al(CH3)3 (also referred to as 
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TMA:NH3) adduct was shown by Sauls et. al. 29 and Interrante et. al. 31. For AlN 

growth, occurrence of a surface adduct was confirmed in ref. 30,32. A similar surface 

adduct was further hypothesized to play an important role in gallium nitride 

(GaN) ALD at low temperatures 22,33–35. 

For AlN ALD from TMA and NH3, a two–step process has been suggested 

30. Namely, it includes (see Figure 2-2) (i) formation of the surface adduct by a 

reaction between the chemisorbed TMA and gas–phase–NH3, and (ii) subsequent 

reaction of the adduct–NH3 group with a neighboring –CH3 group of the 

chemisorbed TMA. This mechanism finally results in –NH2– bridges between 

neighboring aluminum atoms, forming units of AlN. After each NH3 exposure, the 

growth surface becomes NH2–terminated and thereby chemically activated for the 

subsequent TMA exposure. A schematic representation of the adduct pathway for 

AlN is given below. 

 

Figure 2-2. Surface-adduct assisted formation of AlN 30. 

Hypothesizing the occurrence of a similar two–step mechanism for growing 

GaN from trimethylgallium (TMG) and ammonia, Banerjee et.al. successfully 

realized polycrystalline GaN films by purely thermal ALD at 400 oC 22,33,34. 

Similarly to AlN, beyond a specific temperature, the TMG:NH3 surface adduct was 

assumed to convert into Ga–NH2–Ga linkages with the elimination of methane (see 

Figure 2-3), forming a NH2–terminated GaN surface in a self–limiting fashion. The 

adduct–formation reaction will proceed until all available chemisorbed–TMG sites 

are occupied. It has been reported that the rate of occupation could be enhanced 

by increasing the partial pressure of NH3 (PNH3). The PNH3 either shifts the surface 

reactions towards the adduct formation (assuming the adduct formation to be a 

Si Si
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reversible reaction in equilibrium) or just provides more NH3 for occupying the 

available surface sites (regardless whether the reaction is reversible or not). 

 

Figure 2-3. The proposed mechanism of thermal-GaN ALD 34. 

The described surface-adduct pathway may be applicable to other 

precursor systems as well. This thesis investigates the growth mechanism of BN 

films from diborane (B2H6) and NH3, boron tribromide (BBr3) and NH3, as well as 

triethylborane (TEB) and NH3 precursors. These precursor systems will be 

discussed one by one in Chapters from 4 to 7. A similar mechanism involving 

surface-adduct formation can be suggested to explain the experimental 

observations. 

2.4 Conclusions 

First part of this chapter shortly presented the approach used in this thesis 

to obtain the thicknesses, optical functions and composition of thin films by 

spectroscopic ellipsometry. The thicknesses from SE were in good agreement with 

those obtained by HRTEM and XRR. The SE analysis was further extended to 

estimating the factions of different phases present in the layers, i.e., enabling the 

analysis of composite materials. Altogether, this indicated the applicability of the 

SE approach chosen.  

Second part of this chapter outlined the surface-adduct film-growth 

mechanism, earlier approved for AlN ALD and recently hypothesized for GaN 

ALD. The mechanism will be taken as a basis to explain the BN deposition results 

presented in Chapters 4-7 for various precursor systems and deposition 

methodologies.  
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3 Studying B/BN composite material by XPS and SE 

Abstract 

This work investigates boron-rich boron nitride (BN) thin films deposited using sequential pulses 
of diborane (B2H6) and ammonia (NH3) with argon (Ar) purge in between, in the substrate 

temperature range of 275-375 oC. We observe two different phases in these films, namely pure 
boron (pure-B) and boron nitride (BN). Refractive indices (n) of the B/BN composites are found to 

be consistently higher than n of stoichiometric BN, and lower than n of a pure-B reference. 
Namely, n obtained at 632 nm gradually increases from 1.7 to 2.9 by tuning the composition from 

stoichiometric BN to pure-B. Further, the boron rich samples reveal an absorption behavior 
between 1 and 5 eV, which is assigned to the pure-B phase. The developed SE optical model 

adequately estimates the relative amounts of pure-B and BN phases as well as reveals the optical 
functions of pure-B, stoichiometric BN, and the B/BN composites. The relative amounts of the 
phases are in agreement with X-ray photoelectron spectroscopy (XPS) measurements, thereby 

verifying the SE model for determining composition of the B/BN composite films. As compared to 
a sharp B 1s peak of pure-B, the XPS analysis shows broadening of the B 1s peak towards higher 
binding energies (i.e., towards those of BN) for B/BN, resulting in a clear asymmetry due to the 

appearance of two separate peaks. It is shown that single-peak fitting of XPS data fails to 
represent the experimentally obtained data. On the other hand, the N 1s peak allows good fitting 

with one stoichiometric-BN peak only, indicating a well-defined BN phase. Spatial distribution of 
the phases is investigated by planar view energy filtered transmission electron microscopy 
(EFTEM). The corresponding cross-correlation maps of elemental B and N show laterally 

homogeneous distribution of the elements within the measurement error.  
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3.1 Introduction 

The possibility of including other elements (e.g., carbon) into boron nitride 

(BN), to tailor its properties, motivates further exploration of boron nitride 

containing films. For example, low-amount additives of phosphorus can improve 

the catalytic properties of BN 1 while beryllium (Be), magnesium (Mg) or zinc (Zn) 

doping leads to p-type conductivity 2–4 . Moreover, making BCN by adding carbon 

(C) to BN noticeably influences the mechanical, electronic and optical properties 5–

11.  

Further, boron (B) incorporation into boron nitride was investigated by 

several groups. Theoretical work 12 conducted to explore the local structure (short- 

or long-range order), electronic structure and mechanical properties, predicted a 

phase segregation in amorphous B/BN material with boron fractions higher than 

BN. The same work proposed interesting applications of B/BN in the field of nano-

glass ceramics. Experimental works 13–16 reported (i) tunable optical and altered 

electronic properties and (ii) the presence of both B-B and B-N bonding 

environments. These works however did not explicitly identify the material as 

phase-segregated (i.e., a composite). 

This chapter investigates whether a composite nature of B/BN can be 

experimentally confirmed and quantitatively addressed by modeling. We confirm 

the multi-phase nature of the B/BN films by spectroscopic ellipsometry (SE) and 

x-ray photoelectron spectroscopy (XPS). We further investigate the distribution of 

phases using energy filtered transmission electron microscopy (EFTEM) analysis. 

The optical SE model developed in this chapter for B/BN composites will further 

be applied in Chapter 4 to clarify composition of the films deposited from B2H6 

and NH3 precursors. 

3.2 Experimental details 

The B/BN films were deposited in Reactor-3 of the home-built ALD/CVD 

cluster system from sequentially introduced diborane (B2H6, 5% in Ar) and 
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ammonia (NH3) pulses. A detailed description of the reactor can be found in 

Chapter 1 and ref. 17,18. The variously-composed films were obtained either in 

purely thermal deposition mode or by assistance with a hot-wire (HW).  

A stoichiometric-BN reference sample was deposited on silicon dioxide 

(SiO2) in a Picosun R-200 ALD reactor (see Chapter 1) from the same precursors 

and in the same manner, but by adding a plasma assistance. The reference layers 

of pure-B were deposited on silicon (Si) by chemical vapor deposition (CVD) from 

B2H6 (5% in Ar) at 220-300 oC. 

Prior to deposition, Si (100) wafers underwent a three-step wafer cleaning 

procedure. This included (i) removal of native oxide by a 1-min dip into 1% HF, 

(ii) rinsing in deionized (DI) water, and (iii) ozone-steam cleaning followed by 

another HF dip and rinsing. Further, a 100 nm thick silicon dioxide (SiO2) layer 

was grown by thermal oxidation at 1050 oC in dry oxygen. 

The B/BN films were obtained in the pressure range of 10-3 – 5x10-2 mbar, at 

substrate temperatures between 270 and 360 oC. The precursors were introduced 

via alternating pulses with Ar-purge in between, to avoid gas phase reactions. The 

typical pulse- and purge-durations were: 0.5-2.5 s of B2H6, 4-6 s of post-B2H6 purge, 

2.5-3 s of NH3 and 4-6 s of post-NH3 purge.  

The SE measurements were carried out using a Woollam M2000UI 

spectroscopic ellipsometer, operating in the wavelength range of 246-1689 nm 

(0.72-5.05 eV), in combination with CompleteEASE 5.19 modeling software. The 

XPS spectra were acquired with a Quantera SCM (scanning XPS microprobe from 

Physical Electronics) instrument using monochromatic Al Kα radiation at 1486.6 

eV. The C 1s peak due to ambient hydrocarbon contamination was calibrated at 

284.8 eV 19. Binding energies of the photoelectron lines of the samples were charge-

referenced to this C 1s line. For compositional analysis, XPS sputter depth profiling 

was performed using Ar ions. A Philips CM300ST-FEG transmission electron 

microscope (TEM) was used to perform the EFTEM measurements. 
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3.3  Results and discussion 

3.3.1 Spectroscopic ellipsometry analysis 

3.3.1.1  Tunable refractive index (n) of B/BN composites 

The refractive indices of the B/BN samples with various amounts of pure-

B (in the range of 30-65 vol.%, as determined by XPS) were found to be consistently 

higher compared to the stoichiometric BN and lower compared to the pure-B 

references. The stoichiometric BN exhibited n=1.7 at 632 nm and n=1.68 at 1500 

nm, which reasonably agreed with the reported values 20–22. To account for the 

effect of pure-B incorporation in the presumably composite material, the n was 

modelled by including EMA in the SE model (see Figure 3-1.a). This implied that 

the samples were considered to be composed of uniformly mixed pure-B and 

stoichiometric-BN phases with a certain fraction (fB) of the pure-B phase (0 ≤ fB ≤ 

1).  

Performing KK-consistent B-spline parameterization reveals n, whereas the 

pure-B fraction can be calculated from XPS: 

𝑓𝐵 = 𝑁𝐵 − 𝑁𝑁      (eq. 3.1) 

In this equation, NB is the fraction of B atoms (atomic percentage of B 

divided by 100%) and 𝑁𝑁 is the share of N atoms. To note, this equation only holds 

for NB > NN. Assuming that all N atoms to bond with B atoms to form a 

stoichiometric-BN phase with a B:N ratio of 1:1, equation 3.1 can be re-written for 

a mixture of B and BN and the atomic fraction can be converted into pure-B volume 

fraction fV,B: 

𝑓𝑉,𝐵 = 
(𝑁𝐵−𝑁𝑁)

𝑎𝐵
𝜌𝐵



(𝑁𝐵−𝑁𝑁)
𝑎𝐵
𝜌𝐵

+𝑁𝑁
𝑎𝐵+𝑎𝑁
𝜌𝐵𝑁

     (eq. 3.2) 

In this equation, ρB and ρBN are the mass densities of the boron and boron 

nitride phases, respectively, and aB and aN are the atomic masses of B and N. Since 

ρB and ρBN have very similar values (ρB=2.35 g/cm3 23 and ρBN=2.28 g/cm3 24), it 

follows that: 
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𝑓𝑉,𝐵 =
(𝑁𝐵−𝑁𝑁)𝑎𝐵

(𝑁𝐵−𝑁𝑁)𝑎𝐵+𝑁𝑁(𝑎𝐵+𝑎𝑁)
  =

𝑁𝐵−𝑁𝑁

𝑁𝐵+𝑁𝑁
𝑎𝑁
𝑎𝐵

 .   (eq. 3.3) 

With aN/aB ≈ 1.3, within the error margin the fractions fB and fV,B can be 

assumed to be equal: 

𝑁𝐵−𝑁𝑁

𝑁𝐵+𝑁𝑁
𝑎𝑁
𝑎𝐵

≈
𝑁𝐵−𝑁𝑁

𝑁𝐵+𝑁𝑁
= 𝑁𝐵 −𝑁𝑁.   (eq. 3.4) 

Therefore, fB is further mentioned without specifically attributing it to either 

atomic or volume fraction.  

On one hand, fractions fB can be practically calculated from the XPS results 

by equation 3.4 and then used as input data to the EMA model; the latter reveals 

n. On the other hand, n can be directly calculated from B-spline fitting without 

assuming any particular spectral shape of n(λ). A comparison of the as-calculated 

n-values is given below. Figure 3-1.a shows the EMA predicted refractive index 

assuming certain fB, as simulated by SE. In Figure 3-1.b, the n-values obtained 

directly from B-spline fitting are compared with the EMA prediction; a good 

agreement within ~10% can be seen. 
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Figure 3-1. (a) The evolution of the refractive index n(λ) with fB, as calculated by the 
EMA for a composite of pure-B and stoichiometric-BN (b) Comparison of experimental 

(symbols; the corresponding fB-values are calculated from XPS) and calculated (lines; the 
corresponding fB-values are taken from (a)) refractive indices.  

Clearly, changing the fB significantly affects the refractive index. The layers 

with no pure-B (fB=0) exhibit a value of n that agrees with literature for BN 20,21. 
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Similar observations have been reported by other research groups for boron-rich 

boron nitride, as well as for carbon containing boron nitride and gallium nitride 25–

29. Varying pure-B share enables tuning the refractive index between 1.7-2.9 at 632 

nm and 1.7-2.7 at 1500 nm. The experimentally obtained B-spline n-values are 

fairly consistent (within ~10%) with the n calculated by EMA. This may be a first 

indication of the co-existence of uniformly mixed pure-B and stoichiometric-BN 

phases, i.e., the formation of a composite. To further verify this hypothesis, the SE 

model was further developed in detail. 

3.3.1.2  Development of SE model for a B/BN composite 

Accurate SE modelling requires knowing optical functions of pure-B and 

stoichiometric-BN components of the composite. The parameterization used for 

fine-tuning the optical functions is described below.  

3.3.1.2.1 Parameterization approaches 

The KK-consistent B-spline functions fitted to the spectra of the films 

revealed an absorption behavior that did not match with any electronic transitions 

of boron nitride in the theoretical and experimental works that have been surveyed 

30–33. A further comparison with the SE data of the pure-B films revealed the similar 

absorption behavior, suggesting the formation of a pure-B phase and thus a B/BN 

mixture. A comparison of the optical functions is given in Figure 3-2. One should 

keep in mind that a pure-B film exhibits thickness dependent optical functions; this 

will be discussed below.  

The determination of the thickness dependent optical functions of pure-B 

was thus a first step. The Tauc-Lorentz oscillator model was employed to represent 

the optical functions. For layers thinner than 5 nm, the ~3.3 eV absorption peak 

(see Figure 3-4) was described by a Lorentz oscillator. Next, the Sellmeier model 

was employed to describe n of stoichiometric BN, for which k = 0 in the 

measurement range of 245 – 1689 nm. Finally, the EMA was applied to adequately 

describe optical functions of a layer consisting of the two uniformly mixed 

components. Details of all models have been given in Chapter 2. 
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Figure 3-2. Imaginary part (ε2) of the complex dielectric function (ε) of (i) CVD-grown 
boron reference (thickness 6-113 nm), (ii) ~50 vol.% of pure-B into B/BN composite 

(thickness 12-43 nm), and (iii) plasma-grown (see the experimental) stoichiometric-BN 
reference (thickness 10-27 nm). The indicated pure-B share is determined from XPS. 

3.3.1.2.2 Optical function determination*  

For stoichiometric BN, a B-spline fit (MSA) to a combined dataset of in-situ 

(25 frames) and ex-situ (25 points) SE measurements found an absorption 

coefficient less than 7000 cm-1 (k < 0.025) over the entire λ range (246 < λ < 1689 

nm). Since the sensitivity limit of SE to k is in this order of magnitude 34, the layer 

was approximated as transparent. This allowed to model n(λ) with the Sellmeier 

equation, 𝑛2(𝜆) = 𝐴 + 𝐵𝜆2/(𝜆2 − 𝐶). A fit on the dataset described above yields 

values 2.17, 0.72 and 0.04 μm² for A, B and C, respectively, for the peak centered at 

199 nm, i.e., at 6.24 eV. Figure 3-3 shows the as-obtained dielectric function of BN 

(εBN). 

For pure-B, a B-spline fit to a combined dataset of in-situ (18 frames) and 

ex-situ (18 points) SE from 8 depositions of pure-B (see Section 3.2 for experimental 

conditions) revealed an absorption spectrum comparable to the literature 35–43, that 

could be modeled by a Tauc-Lorentz (TL) oscillator. Including a Lorentz (L) 

oscillator with a thickness-dependent amplitude significantly improved the fits 

 

* Contributed by A.J. Onnink, University of Twente. This section concerns a joint publication of R.O. 
Apaydin and A.J. Onnink, see the list of publications at the end of this thesis. 
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due to a better description of the feature near the band edge. The feature is only 

significant in ultrathin (< 5 nm) layers. Namely, the r² (reduced chi square) 

decreased from 78.8 to 9.6. (To bear in mind, r² represents the agreement between 

the measured data and the data simulated by the optical model.) Figure 3-4 shows 

the resulting ε(λ) for pure-B. The Lorentzian feature at 3.3 eV may correspond to 

the effective optical response of B nano-islands 44.  
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Figure 3-3. Real (ε1BN) and imaginary (ε2BN) part of the dielectric function of a layer (10 
to 27 nm thick) of stoichiometric BN deposited on 100 nm SiO2 by plasma-assistance. A 

single dielectric function could describe this range of thicknesses, indicating that the 
thickness dependence of εBN could be neglected above 10 nm †. 

 
†
 This graph is contributed by A.J. Onnink (University of Twente) and included into the joint publication of 

R.O. Apaydin and A.J. Onnink, see the list of publications at the end of this thesis. 
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Figure 3-4. Real (ε1B) and imaginary (ε2B) part of the dielectric function of pure-B 
deposited on Si by CVD. For the 6-113 nm dataset, the fitted Lorentz amplitude is zero 

within the error margin. The TL-parameters are: Amp = 100, Br = 11.646 eV, Eo = 8.282 
eV, and Eg = 1.086 eV ‡. 

Figure 3-5 illustrates that the ε2(λ)-shape from B-spline fits resembles that of 

ε2(λ) for pure-B, suggesting that the EMA may apply. To test, fB was determined by 

SE for 23 samples and compared to that determined by XPS under the assumption 

of having stoichiometric BN phases. Figure 3-6 shows the results for one wafer (5 

points of comparison). The values of fB from SE agree with fB from XPS within the 

error margin (< 10%); the latter is determined from the SE parameter sensitivity 

analysis. Thus, SE allows quantitative estimation of fB in these B/BN films, 

although less precisely than XPS. The agreement with XPS verifies the validity of 

the developed SE model in this particular case, and suggests a composite material 

which contains a mixture of pure-B and stoichiometric-BN phases. The SE model 

is particularly sensitive to fB because of the prominent increase in the film’s 

absorption coefficient, between 1 and 5 eV, attributed to the B enrichment. 

 
‡
 This graph is contributed by A.J. Onnink (University of Twente) and included into the joint publication of 

R.O. Apaydin and A.J. Onnink, see the list of publications at the end of this thesis. 
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Figure 3-5. Real (ε1) and imaginary (ε2) parts of the dielectric function of a B/BN film on 
Si, compared to ε1B and ε2B of the pure-B reference shown in Figure 3-4. The B/BN data 

were obtained by MSA of a sample with thickness of 12-46 nm and fB = 0.50 as 
determined by XPS §. 
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Figure 3-6. Wafer mapping of the SE-determined pure-B share (given by the colors, in 
vol.%) in a B/BN composite. The bold numbers on the map correspond to the B-shares 

from XPS.  

 
§
 This graph is contributed by A.J. Onnink (University of Twente) and included into the joint publication of 

R.O. Apaydin and A.J. Onnink, see the list of publications at the end of this thesis. 
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3.3.2 Confirmation of the composite nature by XPS 

The overall film composition can be estimated from the total area of 

elemental XPS peaks (B 1s and N 1s). Peak fitting of the B 1s region may further 

allow a categorization of the population of B atoms by chemical environment. This 

can aid in distinguishing 2-phase amorphous B/BN composite films in which the 

chemical environment of B atoms is widely distributed. Section 3.3.2.1 below 

discusses the peak fitting results of B/BN films, clearly indicating 2 bonding 

environments of B atoms. 

3.3.2.1  XPS data of B/BN films 

The composition was deduced from B 1s and N 1s spectra acquired during 

sputter-depth profiling. It was observed that the B 1s spectra broadened towards 

higher binding energies, compared to the pure-B reference, causing asymmetry 

(Figure 3-7.a). However, the N 1s spectra match quite well with that of the 

stoichiometric BN reference (Figure 3-7.b), showing no broadening.  
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Figure 3-7. Comparison of (a) B 1s and (b) N 1s spectra of samples containing different 
fractions of pure-B, as indicated in the figure legend. To be noted: the shown samples 

contain less than 4 at. % of oxygen in the bulk, therefore, possible contribution of oxygen 
to the broadening can be excluded. The indicated fB values are determined from XPS. 

On the one hand, the lack of broadening of the N 1s spectra of the B/BN 

samples as well as the similar-to-BN FWHM indicate a well-defined BN phase. On 

the other hand, the observed asymmetry in the B 1s spectra may point to the 



 

40 

 

existence of two B 1s peaks, namely of pure-B and of stoichiometric BN. 

Confirming this would support the co-existence of the two phases. 

The B 1s spectra were further investigated by deconvolution of the 

experimental peak using a double-peak model (Figure 3-8). All spectra were fitted 

by Gaussian peaks after subtracting an iteratively determined Shirley background 

45. We neglected the Lorentzian lifetime broadening of the B 1s (71 meV) and N 1s 

peaks (130 meV) 46. The fitting analysis was performed by setting the B 1s peak 

positions at 188.4 eV (pure-B component) and 190.6 eV (BN component), as 

determined from the reference samples and the literature 6,24,47,48. The shot noise in 

the spectrum was calculated as the square root of the background counts and 

included into the error bars 49. Single-peak fitting was additionally performed for 

a comparison. 
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Figure 3-8. Deconvolution of the B 1s XPS peak by single-peak (1-Gaussian) and double-
peak (2-Gaussian) fitting, after subtracting of a Shirley background. From XPS, the 

sample contains ~55 vol.% of pure-B.  

From Figure 3-8, it is evident that the 1-Gaussian fitting fails to describe the 

experimental B 1s data, giving more than 3 times higher rχ² compared to that of 

the 2-Gaussian fitting. In addition, for the single-peak fitting, the fitted and 

experimental peak maxima do not match. This confirms that at least 2 components 

are required to adequately describe the experimental B 1s spectra, confirming once 

again a composite nature of the films. 
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3.3.3 EFTEM analysis 

Planar-view EFTEM measurements (see Figure 3-9) were performed on a 

representative B/BN sample with fB=0.5 (from SE). To obtain the elemental maps 

of B and N, the area of interest was limited to a certain range of pixels (marked by 

red rectangles in the figure) in order to exclude the contribution of perforation in 

the TEM grid used. After calculating the pixel sizes, intensities of the pixels 

corresponding to B were plotted versus N-pixel intensities in a cross correlation 

graph (Figures 3-9.c and 3-9.d).  

It can be seen that both B and N are homogeneously distributed within the 

measurement error. One cannot observe any lateral clustering of pure-B and BN 

phases. Although both XPS and SE clearly indicate about 50 vol.% of pure-B, 

EFTEM does not reveal any lateral inhomogeneity. This conclusion is rather 

expected from the methodology used for growing the films. To bear in mind, the 

films were obtained from sequential pulses of B2H6 and NH3, with Ar-purges in 

between. Such a process would naturally lead to a vertical inhomogeneity of the 

elemental distribution rather than a lateral inhomogeneity, due to incomplete 

nitridation of a the pure-B phase formed by B2H6 pulses during corresponding NH3 

pulses. 
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Figure 3-9. Images (a) and (b) show elemental maps of B and N obtained from two 
different areas of a sample consisting of 50 vol.% of pure-B and 50 vol.% of 

stoichiometric-BN phase, as determined by in-situ SE. Images (c) and (d) give the B-vs-N 
cross correlation maps obtained from the red-boxed areas of (a) and (b), respectively. No 

clear lateral inhomogeneity (clustering) of pure-B and BN phases can be seen. 

3.4 Conclusions 

This work investigated the multi-phase (composite) nature of B/BN thin 

films. It has been shown that the refractive index (n) of the films was strongly 

dependent on the pure boron fraction: a gradual increase of n from 1.7 

(stoichiometric BN) to 2.9 (pure-B) was achieved by tuning the pure-B share. The 

film composition and optical properties were successfully modelled by 

spectroscopic ellipsometry. The developed SE model could quantitatively describe 

the experimental n-values as well as the co-existence of pure-B and stoichiometric-

BN phases in the films. The SE data revealed absorption behavior between 1 and 5 

eV, matching that of a pure-B phase. 

The composite nature of the films was further supported by XPS. The B 1s 

peak revealed broadening towards higher binding energies and a clear asymmetry 
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compared to the pure-B or stoichiometric-BN reference. No N 1s-peak broadening 

was observed; the peak showed good matching with that of the stoichiometric-BN 

reference. This further confirmed the presence of a well-defined BN phase. The 

cross-correlation maps of elemental B and N, obtained from planar-view EFTEM, 

indicated laterally homogeneous distribution of these elements, suggesting their 

vertical inhomogeneity. 
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4 Comparative study of B/BN deposition in purely 

thermal and radical-enhanced modes 

Abstract 

This chapter studies the deposition of boron/boron nitride (B/BN) composite films at 275-375 oC 
of the substrate temperature by giving alternating pulses of diborane (B2H6) and ammonia (NH3) 
with argon (Ar)-purges in between, to avoid gas-phase reactions of the precursors. This allows to 

mimic an atomic layer deposition (ALD) process, ensuring merely surface reactions and 
presumably simplifying the growth mechanism. This work further compares purely thermal and 
radical-enhanced deposition modes, by gradually changing the degree (and mechanism) of NH3 

dissociation, from low by hot-wire (HW) to high by plasma-assistance. It is demonstrated that, in 
purely thermal mode, the growth of the layers and their composition are strongly dependent on 

total gas pressure. By changing the pressure, the pure boron (pure-B) content (not to be confused 
with the total boron content) in the B/BN composites could be varied in the range of ~6-70 vol.%. 

The pressure dependence is consistent with a growth model via the so-called surface-adduct 
mechanism. The plasma-assisted deposition results in polycrystalline BN with near stoichiometric 

B/N ratio at 310 oC. These films exhibit crystal planes stacked perpendicular to the substrate 
surface with an interplane distance of 3.57 Å corresponding to hexagonal boron nitride (h-BN). 

The films are stable in air up to at least six months after their deposition. 
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4.1 Introduction 

Several methods have been used to deposit boron nitride, including 

molecular beam epitaxy (MBE) 1,2, ion beam assisted deposition (IBAD) 3,4, 

magnetron sputtering 5, RF sputtering 6, pulsed laser deposition 7 and chemical 

vapor deposition (CVD) 8–12. Among these, CVD is the most intensively studied 

method, commonly utilizing diborane (B2H6) and ammonia (NH3) gas mixtures as 

precursors. However, the high growth temperatures (close to 1000 oC) required to 

form crystalline films, limit many (potential) applications of BN 13,14. In addition, 

different thermal expansion coefficients of the substrate and of the deposited film 

negatively affect the processing at high temperatures. Boron nitride films 

deposited at temperatures below 800 oC are usually amorphous 14,15. 

To reduce the growth temperature, several radical-enhanced deposition 

methods have been employed. Radicals can be generated by dissociating NH3 

with, for example, a plasma source (the so-called plasma-enhanced CVD or 

PECVD), thereby producing a variety of nitrogen-containing (NHx, x=0-2) radicals. 

Another approach to generate radicals is by utilizing a hot-wire (HW). Further 

details on the radical-assisted methods can be found in Chapter 1. 

This chapter compares purely thermal and radical-enhanced deposition 

methods, by gradually changing the degree (and mechanism) of NH3 dissociation, 

from low by HW- to high by plasma-assistance. It demonstrates that, in purely 

thermal mode, the growth of the layers and their composition are strongly 

dependent on total gas pressure. By changing the pressure, the pure boron content 

(B bonded to B instead of to N) in the B/BN composites can be varied in the range 

of ~6-70 vol.%. The pressure dependence will be discussed in line with a growth 

model via the so-called surface-adduct pathway (see Chapter 2). 

4.2  Experimental details 

The deposition experiments were performed in both home-built cluster and 

Picosun plasma ALD/CVD reactor. The details were already given in Chapter 1. 
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The experiments were conducted in the total pressure range of 10-3-12 mbar. The 

substrate temperature was kept between 275-375 oC. Diborane (B2H6) and 

ammonia (NH3) gases were used as boron and nitrogen sources, respectively.  

Prior to deposition, silicon (Si) (100) and SiO2 substrates were processed 

following the procedure explained in Chapter 3. The deposited films were 

characterized by x-ray photoelectron spectroscopy (XPS) and in-situ (real time) 

and ex-situ spectroscopic ellipsometer (SE) (see previous chapter for equipment 

details). In-situ spectroscopic ellipsometer (SE) was used to monitor the actual 

surface temperature 16. Films deposited with plasma were further characterized by 

transmission electron microscopy (TEM), energy filtered TEM (EFTEM), grazing 

incidence angle x-ray diffraction (GIXRD) and x-ray reflectivity (XRR) techniques. 

Details for TEM equipment can be found in Chapter 3. GIXRD and XRR analyses 

were carried out with a X’pert Powder XRD system from Malvern Panalytical. 

Spectroscopic ellipsometry analysis were performed using EMA, Sellmeier, 

Tauc Lorentz and Lorentz models, as explained in Chapters 2 and 3. The pure-B 

shares (in volume %, vol.%) given in this chapter were obtained solely from SE.  

4.3  Results and discussion 

4.3.1 Purely thermal deposition 

Thermal decomposition of B2H6 occurs continuously, therefore, self-

limiting reactions in the studied temperature (T) range are not expected. This was 

confirmed experimentally and shown in Figure 4-1.a, clearly demonstrating the 

ongoing deposition of pure boron on SiO2 from B2H6. An incubation time is 

observed (Figure 4-1.b); temperature clearly promotes the nucleation of B on SiO2 

decreasing the incubation time. No incubation was observed on silicon wafers at 

all temperatures studied. 
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Figure 4-1. The temperature dependence of growth per minute (GPM) (a) and 
incubation time (b) of pure boron films on SiO2, measured by SE. The incubation time is 

defined as the growth time required to obtain a constant GPM. Conditions: CVD at 1 
mbar of total pressure, 200 sccm of B2H6 (5% in Ar) and 500 sccm of Ar flow **. 

The demonstrated non-self-limiting nature of boron deposition implies two 

co-existing processes in the BN formation mechanism:  

✓ process (1) – non self-limiting thermal decomposition of B2H6, leading to 

the formation of a pure-B phase, presumably BHx (x=0-3) terminated, 

and  

✓ process (2) - reaction of this pure-B with NH3, thereby incorporating 

nitrogen in the layers (i.e., nitridation of the pure-B).  

Process (2) is self-limiting in the sense that the nitrogen content cannot exceed a 

certain share.  

In the subsequent experiments, the effects of substrate temperature, total 

pressure (ranging from 5x10-3 mbar to 12 mbar) and diborane dose on the growth 

rate per cycle (GPC), as well as on the amount of pure-B, were investigated. It was 

observed that the nitrogen content slightly increases with lowering the substrate 

temperature from 375 oC to 290 oC, whereas the GPC decreases from 0.045 

nm/cycle to 0.021 nm/cycle. These results suggest that the temperature rather 

affects the B2H6 chemisorption (process 1) and its subsequent decomposition than 

 
** Courtesy of Xingyu Liu, University of Twente 
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the nitridation reaction (process 2). A strong enhancement of the GPC with 

increasing the B2H6 pulse time, as shown in Figure 4-2.a, implies that the GPC is 

limited by the B2H6 dose. The B2H6 pulse time also crucially determines the pure-

B share in the layers (Figure 4-2.b).  
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Figure 4-2. Dependence of GPC (a) and pure-B share in vol.% (b) on B2H6 pulse 
duration, both measured by SE. Conditions: 4-6 s of Ar for post-B2H6 purge / 2.5-3 s of 
NH3 pulse / 4-6 s of Ar for post-NH3 purge, at a substrate temperature of 280 ± 10 oC 

and a total pressure of 2x10-3 mbar. 

Further, increasing the total pressure (Ptot) leads to a higher nitrogen content 

(share) and a correspondingly lower amount of pure-B (Figure 4-3.a). This will be 

further discussed in Section 4.1, in view of the proposed adduct-assisted reaction 

pathway. However, a gradual decrease of the GPC was observed with increasing 

the Ptot (Figure 4-3.b). This rather unusual result can be explained by a decreased 

delivery of B2H6 to the wafer surface at a higher pressure (i.e., lower diffusion rate 

of B2H6) or a suppressed (dissociative) chemisorption of B2H6 (the rate limiting 

step) on the as-nitridized surface in comparison to a surface terminated by B2H6 

decomposition products.  
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Figure 4-3. SE measurements of the pure-B share in vol.% (a) and GPC (b) as a function 
of the total gas pressure. Conditions: 2 s of B2H6 pulse / 6 s of Ar for post-B2H6 purge / 3 
s of NH3 pulse / 6 s of Ar for post-NH3 purge, at a substrate temperature of 280±10 oC.  

Since the Ptot has a large impact on both GPC and pure-B share, we further 

expand the pressure range up to 12 mbar (see Figure 4-4). These experiments were 

carried out using the Picosun reactor, in purely thermal mode.  
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Figure 4-4. SE measurements of GPC (a) and pure-B share in vol.% (b) as a function of 
the total gas pressure. Conditions: 0.1-2.5 s of B2H6 pulse / 4-6 s of Ar post-B2H6 purge / 
2.5-11.5 s of NH3 pulse/ 4-10 s of Ar for post- NH3 purge, at a substrate temperature of 

290±20 oC. Symbols: squares for Ptot < 1 mbar, diamonds for Ptot ≥1 mbar with 0.2 s 
B2H6-pulse duration, triangles for Ptot ≥1 mbar with 0.1 s B2H6-pulse duration. Showing 

the cumulative datasets from different reactors, substrates and pulse times allows to 
generalize the pressure effect. 

Although all obtained at different B2H6-pulse, Ar-purge and NH3-pulse 

durations (see Figure 4-4 caption), the measurements in Figure 4-4.a exhibit the 

same trend of the GPC versus Ptot. Namely, the GPC slightly decreases with 

increasing the pressure for Ptot < 0.1 mbar and starts to increase rapidly for Ptot 
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exceeding 1 mbar. The pure boron share gradually decreases with increasing the 

Ptot, being as high as ~70 vol.% in the low-pressure range and as low as ~6 vol.% 

in the high-pressure range (Figure 4-4.b). This figure exhibits a consistent and clear 

effect of Ptot. Showing the cumulative datasets from different reactors, substrates 

and pulse times allows to generalize the pressure effect. 

Obviously, changing Ptot would affect partial pressure of both diborane 

(PB2H6) and ammonia (PNH3). It should however be noted that the difference 

between PB2H6 and PNH3 was at least one order of magnitude. Namely, for Ptot>1 

mbar, the PB2H6 was kept in the range of 10-3-10-2 mbar, whereas the PNH3 was 

changing between 10-2 and 10-1 mbar. Considering the large difference in the 

partial pressures, in combination with the significant decay of the pure-B share 

with increasing Ptot, a dominant role of the PNH3 in the growth process might be 

suggested. 

As proposed above, the film growth may occur via processes (1) and (2). 

Assuming the dependence of their rates on Ptot, it is evident that the strong increase 

of the GPC at Ptot ≥ 1 mbar can hardly occur if process (1) dominates. If the latter 

was the case, this would not match with the gradually decreasing amount of the 

pure-B phase. We therefore conclude that the sharp rise of GPC is caused by 

process (2); the latter controls the growth at Ptot ≥ 1 mbar. Process (2) may in turn 

enhance process (1) by changing the surface nitridation state. The proposed effect 

of NH3 on the chemisorption of B2H6 is still to be explored. For example, it is 

reported that presence of H2 may increase the activation energy required for 

diborane decomposition 17.  

Summarizing, the experiments performed in purely thermal mode indicate 

the importance of B2H6 in the growth rate and the film composition at Ptot < 0.1 

mbar, whereas the impact of nitridation by NH3 dominates at Ptot ≥ 1 mbar. Clearly, 

higher Ptot increases the GPC and lowers the pure-B share. Decreasing the pure-B 

share below 6 vol.% is however problematic in purely thermal mode and at low 

temperatures. Sections 4.3.2 and 4.3.3 address the effectiveness of two radical-

enhanced approaches towards growing stoichiometric BN from B2H6 and NH3. 
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4.3.2 Hot-wire-assisted deposition 

The impact of a HW on the dissociation of NH3 has been investigated by 

several groups, confirming the formation of mainly NH2 radicals 18,19. This also 

means providing a corresponding flux of atomic hydrogen (at-H) to the substrate. 

Importantly, the at-H flux is expected to be even larger compared to that of NH2, 

due to a higher recombination probability of the latter. The generation, 

recombination and delivery of the radicals to the growth surface were previously 

studied in our experiments on tellurium etching (for at-H) and silicon nitridation 

(for NH2) 20. 

The HW-assisted deposition led to a dramatic decrease in the GPC with 

increasing the HW temperature (THW). Namely, being ~0.01 nm/cycle for the HW-

off mode (i.e., HW at room temperature), the GPC decreased to ~0.001 nm/cycle 

at THW = 2100 K (see Figure 4-5). (To note, an efficient dissociation of NH3 was 

already observed for THW > 1600 K 20). In spite of the lower GPC, more nitrogen 

was incorporated into the layers with increasing the THW. For the specific 

conditions (see Figure 4-3 caption), the pure-B share decreased from ~50 vol.% at 

THW = 300 K to ~37 vol.% at THW = 1800 K. This was determined by SE and 

confirmed by XPS. Furthermore, a clear shift of the XPS B 1s peak position from 

that of pure-B towards that of stoichiometric-BN was observed with increasing the 

THW (to be discussed in Section 4.3.4.1). 
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Figure 4-5. Dependence of GPC on THW. Conditions: 2 s of B2H6 pulse/ 6 s of Ar for post-
B2H6 purge / 3 s of NH3 pulse/ 6 s of Ar for post-NH3 purge, at a substrate temperature 

of 275 oC and a total pressure of 2x10-3 mbar.  

Although utilizing the HW has a clear effect on both GPC and 

stoichiometry, the concentration of as-generated N-containing radicals seems to be 

not high enough to effectively nitridize the growing film. The competing 

interaction of at-H with the surface was hypothesized to decrease the GPC. This 

will be discussed in Section 4.4.2. We further proceed with a plasma radical source, 

as it is expected to provide a higher degree of NH3 dissociation.  

4.3.3 Plasma-assisted deposition 

The depositions were performed with the Picosun reactor on an SiO2 layer 

(100 nm) at 310 oC. To bear in mind, the previously-described experiments were 

performed at comparable substrate temperatures of 290±20 oC. The total gas 

pressure was kept at 1 mbar for all plasma experiments, corresponding to the pure-

B share of ~6 vol.% of the purely thermal mode (recall Figure 4-4.b). The other 

process conditions were kept identical to the thermal counterpart. Remarkably, the 

GPC with plasma (0.017 nm/cycle) was hardly changed compared to that of the 

thermal mode (0.020 nm/cycle), meaning that the plasma merely enhanced the 

nitridation process. The latter was confirmed by both SE and XPS. The XPS 

revealed near stoichiometric BN films at the surface (see Figure 4-6); the difference 
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between the B and N shares increased with sputter depth, possibly due to 

preferential sputtering 21. 
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Figure 4-6. XPS sputter depth profile of a plasma deposited BN film. Conditions: 0.2 s of 
B2H6 pulse / 5 s of Ar for post B2H6 purge / 11.5 s of NH3 pulse/ 10 s of Ar for post-NH3 

purge, at a substrate temperature of 310 oC and a total pressure of 1 mbar. 

4.3.4 Comparative analysis of the film properties  

4.3.4.1 XPS analysis 

A comparison of the B 1s and N 1s spectra showed a significant influence of 

the growth methods. The amount of pure-B, estimated by SE and verified by XPS, 

decreased from ~50 to ~37 vol.% for the thermally- and HW-deposited films, 

respectively. The plasma enhancement resulted in 46 at.% of N, 50 at.% of B, and 4 

at.% of oxygen. 

The B 1s spectra were taken after sputtering the top 0.5-1 nm of the film 

surface, to prevent the contribution of various surface contaminants. A comparison 

of the B 1s spectra of pure-B as well as thermally-, HW- and plasma-deposited 

B/BN films is given in Figure 4-7.  
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Figure 4-7. (a) XPS B 1s spectra of pure-B (i), thermally- and HW- deposited B/BN (ii)-
(iii), and plasma-deposited BN films (iv). (b) XPS N 1s spectra of films (ii)-(iv) from (a). 

For deposition conditions see the captions of Figures 4-4, 4-5 and 4-6. 

Going from thermal through HW- to plasma-assisted deposition, one can 

clearly see that the B 1s peak broadens towards higher binding energies, and that 

the binding energy of the main peak gradually shifts from 188.4 eV (i.e., B-B 

bonding 22) to 190.6 eV (i.e., B-N bonding 10,11,23). This confirms that effective 

nitridation is enabled by the external energy sources. In addition to the B 1s 

spectra, we analyzed the N 1s-peak binding energies (Figure 4-7.b). For all the 

samples, the N 1s peak positions corresponded to stoichiometric-BN; no shift 

towards higher or lower binding energies was observed.  

To investigate the gradual shift of the B 1s peak with increasing a degree of 

nitridation (Figure 4-7), B 1s peak deconvolution was performed (Figure 4-8). It 

was concluded that the broad features seen for the thermally- and HW-deposited 

films could adequately be described by two Gaussian peaks at binding energies of 

pure-B and stoichiometric-BN. On the other hand, the B 1s peak of the plasma-

deposited film was fitted by a single Gaussian peak at the B-N binding energy. 

These results are consistent with the formation of mixed pure-B and 

stoichiometric-BN phases in the thermally- and HW-deposited films, whereas 

plasma assistance leads to growing near-stoichiometric BN. More discussion on 

the existence of these two phases mixed in the as-made films can be found in 

Chapter 3. 
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Figure 4-8. B 1s peak deconvolution for (a) pure-B, (b) thermally- and (c) HW- deposited 
B/BN, and (d) plasma-deposited BN. Contributions of several chemical bonding 

environments (B-O 24,25, B-B 22 and B-N 10,11,23) are included in the fits. For deposition 
conditions see the captions of Figures 4-4, 4-5 and 4-6. 

4.3.4.2 Stability in air 

Environmental stability of BN is of prime importance for practical 

applications and occurs for films with a sufficient degree of crystallinity. It is 

known that (partially) amorphous and low-crystal-order BN films can quickly 

degrade in air due to their interaction with oxidizing species 14, whereas h-BN 

layers are chemically inert in many environments 26. Degradation in air is therefore 

a measure of the film crystallinity.  

The degradation can be investigated by ex-situ SE. The measurements we 

performed on as-deposited (i.e., measured within 20 minutes) samples and after 

their exposure to air for more than 6 months. To draw conclusions regarding the 

degradation of the films, a comparison of the delta-values (see Chapter 2) was 

carried out, since delta is rather sensitive to changes in thickness and optical 

functions 16. It can be concluded from Figure 4-9 that the thermally- and HW-

deposited samples significantly changed their optical responses after this long 

exposure, presumably due to their oxidation, whereas the plasma-deposited 
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samples showed no change. The latter might be a first indication of a crystalline 

structure 13,14. 
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Figure 4-9. Delta-values of (a) thermally-, (b) HW- and (c) plasma -deposited layers, for 
as-deposited samples and after their exposure to air for 6 months. Graphs (d-f) show the 

difference between the corresponding delta-values in (a-c), respectively. The sharp 
difference observed in (f) is a measurement artefact. 

4.3.4.3 Crystallinity from HRTEM 

A crystalline structure of the plasma-deposited films is confirmed by 

HRTEM. Figure 4-10.a shows a lamellar-type structure with crystal planes 

perpendicular to the substrate surface. Line profile analysis (the inset) performed 

on the FFT1 area reveals interplane distances (d-spacing) ranging between 3.4 and 

3.8 Å. These values fall in the range previously reported for hexagonal boron 

nitride (3.3-3.7 Å) 8,9,12,15,27–29.  
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A detailed analysis of the interplane distance was further conducted by 

using radial profile analysis with ImageJ 1.52i 30 and Radial Profile Extended 31 

software. Fast Fourier Transform (FFT) analysis of the 3 boxed areas in Figure 4-

10.a revealed an average interplane distance of 3.57 Å, with a second periodicity at 

2.16 Å, as depicted in Figure 4-10.b. The former matches with the (002) d-spacing 

of h-BN (3.3-3.7 Å), while the latter corresponds to the (100) d-spacing of h-BN (2.17 

Å). This is close to the values in sphalerite β-BN (2.09 Å) 32 and wurtzite γ-BN (2.20 

Å and 2.10 Å) 33. These two structures however do not have any d-spacing above 

2.2 Å, and so cannot cause the broad peak centered at 3.57 Å. In the 3.3-3.7 Å range 

reported for BN, the larger spacing shifts have been attributed to curved 34 and 

turbostratic 35 BN. The d-spacing may increase due to the presence of NHx (x=1-2) 

groups in BN, similar to the effect of hydroxyl or carboxyl groups reported for 

graphite 36,37.  
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Figure 4-10. (a) HRTEM image of a plasma-deposited BN layer (after 4 months being 
stored in air) on thermally grown SiO2. The 3 boxes indicate the areas for Fast Fourier 
Transform (FFT) analysis. Inset: line profile inside area FFT1, showing the interlayer 

distance ranging between 3.4 and 3.8 Å (with a pixel size of 0.2 Å). (b) Radial profiles of 
the FFT power spectra of the 3 boxed areas in (a) ††. 

 
†† Contributed by A.J. Onnink (University of Twente) and included into the joint publication of R.O. 
Apaydin and A.J. Onnink, see the list of publications at the end of this thesis. 
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4.3.4.4 Other analyses 

The plasma-deposited samples showed no detectable amount of pure-B, as 

additionally confirmed by EFTEM. The elemental maps indicated only nitrogen 

and boron with some trace amounts of oxygen (see Figure 4-11). 

  

  

Figure 4-11. EFTEM element-maps of the plasma-deposited BN sample of Figure 4-10: 
(a) boron, (b) nitrogen, (c) oxygen and (d) silicon.  

GIXRD analysis of the plasma-deposited film of Figure 4-10 confirmed the 

occurrence of an h-BN phase in that film. The diffraction-peak positions in Figure 

4-12 coincide well with the values reported for h-BN 38. Fitting the mass density by 

XRR revealed 1.82 g/cm3 - close to 1.89 g/cm3 reported for h-BN films 39.  
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Figure 4-12. GIXRD pattern of the plasma-deposited BN sample of Figure 4-10. Miller 
indices are given in the image. The peaks coincide well with the corresponding positions 

(indicated by vertical red bars) reported for h-BN 38. 

4.4  Suggested deposition mechanisms 

The demonstrated dependence of both GPC and pure-B share on Ptot (recall 

Figure 4-4) allows to hypothesize the so-called surface-adduct pathway (see 

Section 2.3) for the formation of BN layers from B2H6 and NH3 at high pressures. 

4.4.1  Surface-adduct pathway for purely thermal deposition 

B2H6 and BH3 gases are Lewis acids 40,41 whereas NH3 is a Lewis base 42. 

Such acids and bases can readily react and form corresponding adducts. The basics 

of the adduct formation were already given in Chapter 2.  

We start with an overview of previous reports, among others by Carpenter 

et.al. 43, Gómez- Aleixandre et.al. 44, Rand et.al. 45 and Gerry et.al. 46. The essential 

reactions between diborane and ammonia are summarized elsewhere 47. It should 

be noted that the formation of a gas phase H6B2:NH3 adduct from B2H6 and NH3 

has been suggested to be the most energetically favorable reaction, based on the 

calculations performed by Nguyen et.al. 48. Further, through a subsequent release 
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of H2 and BH3, first H2B=NH2 and then HB=NH species can be produced. As the 

reaction temperature increases, the adduct complex progressively loses hydrogen 

and, at temperatures above 500 oC, boron nitride can finally be obtained 43–46,49–51. 

Gómez-Aleixandre et.al. 44 showed that, as a result of the limited (partial) 

dissociation of ammonia at temperatures lower than 850 oC, the interaction 

between diborane and ammonia, leading to BN, is strongly temperature 

dependent. 

The gas-phase decomposition of B2H6 was studied by many researchers 52–

58,59. On a surface, B2H6 is known to cause non-self-limiting formation of solid 

boron 17,59–61. The studies of Fehlner 62–65, Mappes 66, and Sarubbi et.al. 67 suggested 

BH3 species to dominate in the gas phase. Mohammedi et.al. 17 proposed a growth 

model based on chemisorption of BH3 and the subsequent elimination of H2. A 

similar mechanism for the interaction of B2H6 with silicon oxide surfaces has been 

proposed by Gillis-D'Hamers 68,69. The authors showed that, upon the 

chemisorption, diborane forms BH- or BH2-terminated surface sites. To simplify 

the reaction schematic in our case, we only draw BH-terminations in Figure 4-13. 

Thus, the initial step in thermal deposition of BN from B2H6 and NH3 is 

likely the decomposition of B2H6 (in gas phase or on the surface), forming BH-

terminations accompanied by a release of H2. In the next step, we hypothesize the 

NH3 adsorption and the occurrence of a surface adduct, analogous to the known 70 

gas-phase H3B:NH3 adduct. This and the following steps are proposed to occur 

similarly to the formation of AlN and GaN films (see Chapter 2). Further, a reaction 

of the adduct-NH3 with hydrogen of a neighboring -BH termination occurs, 

releasing H2 (Figure 4-13.a). This forms -NH2- bridges between neighboring B 

atoms (i.e., B-NH2-B linkages), analogous to Al-NH2-Al linkages in AlN ALD 71. 

Such B-NH2-B linkages laterally expand over the entire growth surface in a self-

limiting fashion. Exposure to B2H6 during the subsequent precursor pulse restores 

the required BH-terminations (not a self-limiting process), again with releasing H2. 

It should be noted that direct thermal nitridation of a pure-B phase is 

thermodynamically inhibited at temperatures below 900 oC 72. However, via the 
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proposed adduct-assisted pathway, nitrogen can still be effectively incorporated 

at much lower temperatures.  

 

Figure 4-13. Proposed schematic of BN formation from B2H6 and NH3. (a) In thermal 
mode: via the formation of a surface adduct and then its conversion into B-NH2-B 

linkages. (b) In radical-enhanced mode (HW or plasma): via additional removal of surface 
species by atomic hydrogen (at-H) and involvement of NHx (x=1-2) radicals, as well as 

via direct nitridation by atomic nitrogen (for plasma only). 

4.4.2 A comparison of pure-thermal and radical-enhanced modes 

Applying radical-enhanced methods (HW or plasma) is expected to alter 

the growth mechanism. The dissociation of NH3 into NHx (x= 0-2) radicals 18,73–75 

and at-H may facilitate alternative chemical routes and thus suppress the adduct-

assisted pathway. First, the generated at-H can remove hydrogen of the BH-

terminations (so-called hydrogen abstraction 76,77), thereby decreasing the number 

of H-B surface sites required to maintain the adduct-assisted mechanism (Figure 

4-13.b). On the other hand, the presence of reactive NHx radicals in sufficient 

quantities can still support the formation of B-NH2-B and/or B-NH-B linkages. 

Atomic nitrogen can further directly nitridize elemental boron. For optimized 

process conditions, radical-enhanced methods increase the nitrogen-share (see 

Sections 4.3.2 and 4.3.3), still having diborane chemisorption as the rate limiting 

step. On the other hand, non-optimized conditions may lead to a lower GPC (see 
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Figure 4-5) and an increased B-share. The latter is due to a decreased efficiency of 

nitrogen incorporation via the surface-adduct mechanism, as schematically shown 

in Figure 4-13.b. A deficiency of NHx radicals at the growth surface, for example 

due to a low-power radical source or because of their recombination on the way to 

the substrate 18, results in boron rich samples. Our experiments show that the 

highest degree of nitrogen incorporation is provided by plasma-assisted growth; 

this gives near-stoichiometric, crystalline and air-stable BN films at a substrate 

temperature of 310 oC. 

4.5  Conclusions 

This chapter studied the formation of B/BN composites using purely 

thermal, hot-wire- and plasma-assisted deposition methods by sequentially 

pulsing B2H6 and NH3 precursors. It has been demonstrated that, in purely thermal 

mode, increasing the total gas pressure considerably enhances the GPC, 

incorporating a bigger share of nitrogen in the layers and thereby reducing the 

pure-B content from ~70 vol.% to 6-7 vol.%. However, a further decrease of the 

pure-B share, to obtain a stoichiometric BN in thermal mode, is challenging. To 

improve both stoichiometry and crystallinity, HW- and plasma-assisted methods 

have been explored. Utilizing the HW had a clear effect on both GPC and film 

composition, although the concentration of NH2 radicals was not sufficiently high 

to strongly decrease the pure-B share. Switching to plasma provided near-

stoichiometric, crystalline and air-stable BN films at just 310 oC.  

Concerning the growth mechanism in purely thermal mode, we 

hypothesized a surface-adduct-assisted reaction pathway, analogous to the earlier 

suggested surface-adduct mechanisms for growing AlN and GaN by thermal ALD 

at low temperatures. Namely, BH-terminated surface sites react with NH3, forming 

surface adducts. The adduct-NH3 consequently reacts with hydrogen of a 

neighboring BH-termination, forming B-NH2-B linkages and releasing H2. A 

subsequent B2H6 pulse restores the original BH-terminations, once more 

eliminating H2. The adduct-assisted pathway is proposed to enable effective 
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incorporation of nitrogen into BN films at low temperatures. Applying HW or 

plasma may provide additional reaction pathways and alter the growth 

mechanism. 
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5 Thermal deposition of BN from BBr3 and NH3 

Abstract 

In this chapter thermal deposition of boron nitride thin films by sequential introduction of boron 
tribromide (BBr3) and ammonia (NH3) precursors with an Ar purge in between is investigated. 

We further continue exploring the role of the surface adducts (see also Chapter 4) and thus 
hypothesize the existence of an analogous BBr3:NH3 surface adduct which facilitates the growth of 
BN layers. The reaction kinetics is simulated using a Mathcad code. The results are in agreement 

with the assumption that the adduct surface coverage may depend on the ammonia partial 
pressure (PNH3) in the reactor, assuming the reaction to occur in equilibrium. In accordance with 
the expectations, the growth per cycle (GPC) exhibit a reasonable dependence on PNH3: the GPC 

increases at least by factor 2 in the PNH3 range studied. The SE analysis reveals the refractive 
index (n) similar to that reported for a-BN and h-BN. The XPS results indicate stoichiometric BN 

films with O contamination less than 5 at.%; the films are however found to be environmentally 
instable. The GIXRD results reveal nanocrystalline structure of the films. 
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5.1 Introduction 

This chapter discusses the growth of boron nitride (BN) layers by a 

sequential introduction of boron tribromide (BBr3) and ammonia (NH3) 

precursors, with Ar-purges in between, in thermal ALD mode. We show that BN 

growth can take place with reasonably high (~0.08 nm/cycle) growth per cycle 

(GPC) values. The suggested mechanism relies on the speculated existence of a 

BBr3:NH3 surface adduct and its conversion into BN. The formation of the surface 

adduct is enhanced by the partial pressure of NH3 (PNH3), directly affecting the 

GPC.  

Section 5.2 reviews the previously reported surface reactions in relation to 

BN growth. Section 5.3 proposes the BN growth model, based on a similar model 

reported in the literature, as explained in Sections 2.3 and 5.2. Section 5.4 deals with 

the expected reaction kinetics of BN growth. Section 5.5 reports the experimental 

results, in line with the proposed deposition mechanism. Section 5.6 concludes this 

chapter. 

5.2 Surface reactions in relation to BN growth 

Various gas-phase and surface reactions (including the adduct formation) 

in relation to ALD of aluminum nitride (AlN) and gallium nitride (GaN) films have 

been discussed in Chapter 2. Here, we extend that knowledge towards a possible 

formation of halide-based adducts with boron included. Boron trihalides (BX3, X= 

Br, Cl, F) are known to be typical Lewis acids. These halides show a strong affinity 

for sharing a pair of electrons with Lewis bases, such as NH3, to satisfy the octet 

rule 1. In this way, stable donor-acceptor complexes having a B-N bond can be 

formed. Such boron halide complexes have been investigated in both experimental 

2–11 and theoretical works 12–19. The studies showed that, once introduced into the 

system, boron halides react with Lewis bases to form adducts. This may suggest a 

similar growth mechanism as reported for AlN and GaN ALD.  
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Gas phase adducts of boron halides were experimentally observed by many 

researchers, see for example Refs. 2–4,6. In addition, theoretical studies have been 

performed in order to obtain understanding of the gas phase reactions. Reinhardt 

et.al. 12,13 suggested the formation of a gas phase adduct (reaction 5.1), that 

decomposes to aminodichloroborane (reaction 5.2) by the elimination of hydrogen 

chloride (HCl). One should keep in mind that HCl can react with available NH3 

molecules and form NH4Cl 8,9,20.  

BCl3 + NH3 ↔ BCl3:NH3      (reaction 5.1) 

BCl3:NH3 ↔ BCl2NH2 + HCl     (reaction 5.2) 

Possemiers et.al. 8,9,21 further studied the reactions between BCl3 and NH3 

on silica surfaces. In their studies, they introduced BCl3 and NH3 gases onto silica 

surfaces in a sequential manner, preventing gas phase reactions. They reported 

that NH3 exposure on the BCl3 pre-treated surface results in an increased NH3 

sorption capacity of the surface. Upon sorption, surface boron species react with 

NH3, forming chemisorbed =BNH2 groups and NH4Cl (sublimes above 100 oC). 

Above 200 oC, secondary amines (=B-NH-B=) are being formed via a consecutive 

reaction mechanism, completely covering the surface at 300 oC. Subsequent 

introduction of precursors results in a cross-linked borazine-like B-N polymeric 

structure, which finally forms BN with NH4Cl released as the reaction by-product. 

The main reactions of the BCl3-treated surface with ammonia are summarized 

below: 

 

(reaction 5.3) 

 

(reaction 5.4) 

Formation of the compounds reported by Possemiers et al. was also studied 

by George et al. 10. They investigated the formation of BN on zirconium dioxide 

(ZrO2) particles by sequential exposures to BCl3 and NH3. Upon the delivery of 

Si—O—B  

Cl

Cl
+ 4NH3

Si—O—B  

NH2

NH2

+2NH4Cl

Si—O—B  

Cl

Cl

Si—O—B  
Cl

Cl

+ 7NH3

Si—O—B  

NH2

Si—O—B  

NH

NH2
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NH3 molecules onto the BCl3-treated surface, absorption bands attributed to -

BNH2 and -B2NH surface species were observed by Fourier transform infrared 

spectroscopy (FTIR), indicating the –NH2- bridge formation analogous to that 

reported for AlN growth 22.  

As can be deduced from the above-mentioned studies, BN deposition 

reactions proceed in a similar manner compared to the reactions reported for AlN 

ALD 22 (recall Figure 2-2). 

5.3 Proposed BN growth mechanisms 

5.3.1 Thermal-BN deposition via surface adduct pathway 

Based on the known mechanisms of AlN ALD 22, Banerjee et.al. 23 recently 

hypothesized a similar mechanism for GaN ALD. In this work, we further extend 

the mechanism to BN growth from BBr3 and NH3. Namely, the BN growth is 

proposed to occur in two stages (see Figure 5-1): (i) formation of a BBr3:NH3 

‘surface adduct’ complex (reversible or irreversible), and (ii) conversion of this 

complex into B–NH2–B linkage (irreversible), resulting in a unit of BN. From this 

model, the GPC is expected to depend on NH3 partial pressure (PNH3) and NH3 

pulse time (tNH3). The latter is usually the case, but the former is not typical for 

ALD. If the surface adduct formation is reversible, a higher PNH3 increases the 

surface density of the adduct by shifting the equilibrium in the direction of adduct 

formation. This further leads to enhancing the B–NH2–B linkage formation, 

thereby increasing the GPC. The formation of BN units will proceed until bridging 

all neighboring sites via –NH2– linkages is complete, provided that a sufficient 

amount of NH3 is present in the reactor.  
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Figure 5-1. Proposed mechanism of BN growth by two-step reaction. First, formation of 
surface adducts; second conversion of the adducts into B-NH2-B linkages. Although the 
chemisorption of BBr3 can result in a variety of BBrx (x=1-3) surface species, here, for 
simplicity, we limit that to B-Br terminated surface only. The exact nature of the BBr3 

chemisorption is beyond the scope of this work. 

5.4 Modeling the thermal-BN growth 

The first step in the proposed mechanism, i.e., the BBr3:NH3 surface-adduct 

formation, is assumed to be reversible. This is analogous to the reversible 

formation of the BCl3:NH3 gas-phase adduct known from the literature 24. Briefly, 

Kapralova et. al. 24 reported pressure dependent reaction rates for the BCl3-NH3 

system (at 72 oC) and attributed a decrease of the reaction rate of HCl elimination, 

in a certain pressure range, to the reversible adduct formation. Reinhardt et.al. 12,13 

theoretically investigated the BCl3-NH3 reactions and showed that the adduct 

formation is an exothermic reaction yielding approximately 25 kcal/mol energy. 

Since first HCl release requires just a bit higher energy of ~32 kcal/mol, the adduct 

may start decomposing by releasing HCl and thus yielding Cl2BNH2. Kingsmill 

et.al. 25 reported that the BBr3:NH3 adduct occurs already at room temperature; 

however, the removal of first HBr molecule requires a temperature of 240 oC. 

The assumed reversibility of the BBr3:NH3 surface-adduct formation 

implies that, once physisorbed as adduct, before establishing a stable B-NH2-B 

linkage, NH3 can desorb back into the gas phase. The linkage irreversibly forms 

from reaction of an adduct-NH3 with –Br of an adjacent B-Brx site. For TMA:NH3 

and BCl3:NH3 surface adducts, such reactions have been reported 8,9,22. Although 

chemisorption of BBr3 can result in a variety of BBrx (x=1-3) surface species, here, 
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for simplicity, we limit the discussion to B-Br (i.e., x=1) terminated surfaces only. 

The exact mechanism of the BBr3 chemisorption is beyond the scope of this work. 

The reversible adsorption of NH3 on the chemisorbed B-Br sites can be 

described by the Langmuir adsorption-desorption kinetics 26. Equation 5.1 shows 

the adduct surface coverage 𝜃 expressed via the concentration of NH3 (CNH3). In 

this equation, NH3 adsorption and desorption rate constants are given by ka and 

kd, respectively. From equation 5.1, the surface coverage is a function of tNH3 and 

CNH3. The latter corresponds to the partial pressure (PNH3) via CNH3=PNH3/kBT, 

where kB is the Boltzmann constant and T is the temperature. 

𝜃(𝑡𝑁𝐻3) = (
𝑘𝑎𝐶𝑁𝐻3

𝑘𝑎𝐶𝑁𝐻3+𝑘𝑑
)[1 − 𝑒−(𝑘𝑎𝐶𝑁𝐻3+𝑘𝑑)𝑡𝑁𝐻3]   (eq. 5.1) 

𝜃 is further plotted versus tNH3 and PNH3 in Figure 5-2.a, after choosing 

reasonable (i.e., physically solid) values for ka (10-11 cm3 s-1) and kd (106 s-1)‡‡ 26–29. It 

can be seen that the adduct surface coverage is PNH3 dependent and increases with 

the total pressure. According to Langmuir kinetics, 𝜃 approaches to 1 at infinitely 

high pressure. 𝜃 saturates within a few microseconds at low PNH3; this time 

shortens at higher pressures. The time required to reach the equilibrium coverage 

can be affected by changing the ka and kd values over several orders of magnitudes. 

For example, ka=10-18 cm3 s-1 and kd=10-2 s-1 cause an equilibrium within tens of 

seconds. Such rates are however hardly physical, since one is too low and the other 

is too high.  

Since the adduct formation is assumed to be reversible, physisorbed NH3 

molecules can either desorb back to the gas phase or form irreversible -NH2- 

bridges by reacting with neighboring -BBr sites thereby eliminating HBr. These 

considerations were applied in the Mathcad code and the -NH2- coverage was 

calculated as a function of tNH3 and PNH3. Since the adduct-to-NH2- conversion rate 

 
‡‡ For example, ka values for reactions between boron trifluoride (BF3) and NH3, and boron trichloride (BCl3) 

and NH3 range between 10-10 and 10-14 cm3/s. Due to the lack of information, we were not able to find any kd 
values reported for reactions of boron halide with NH3 and therefore used the values reported for GaN 

deposition, ranging between 106-108 s-1 26–29. 
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constant is unknown, it was varied between 10-14 and 10-16 cm2 s-1, yielding time 

scales similar to those experimentally obtained for GPC (see Figure 5-3.b). As 

Figure 5-2.b and 5-2.c show, up to several minutes of tNH3 is required to convert all 

surface adduct sites into -NH2- linkages. A complete -NH2- coverage indicates the 

formation of a BN monolayer. 
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Figure 5-2. Simulated surface coverage with (a) adduct for ka = 10-11 cm3 s-1 and kd = 106 
s-1, (b) -NH2- for kBN = 10-15 cm2 s-1, (c) -NH2- for kBN of 10-14, 10-15 and 10-16 cm2 s-1. 

Indicated pressures correspond to PNH3. kBN represents the rate of -NH2- bridge 
formation. 

From Figure 5-2, the BN deposition is clearly affected by PNH3. A low PNH3 

would result in a low adduct surface coverage and very long tNH3 would be 

required to complete the surface coverage with -NH2- linkages. On the other hand, 

a high PNH3 would result in a larger adduct surface coverage, requiring a short tNH3 

to establish the linkages. The next sections will experimentally confirm these 

findings. 
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5.5 Experimental results 

5.5.1 Experimental setup 

Boron nitride films were deposited on 100 nm thick thermally grown SiO2 

layers by sequentially pulsing BBr3 and NH3. An inert (argon - Ar) gas purge was 

applied between the pulses in order to achieve atomic layer deposition (ALD) 

conditions. The depositions were performed in a Picosun Plasma R-200 reactor. 

The total reactor gas-pressure was kept in the range of 1-12 mbar, while the 

substrate temperatures (Ts) were varied between 240 and 370 oC. The typical pulse 

and purge times were set to 0.1 s for BBr3, 30 s for post-BBr3 Ar-purge, 5-40 s for 

NH3, and 20-60 s for post-NH3 Ar-purge. The details of the ALD window 

determination are addressed in Section 5.5.2.1. 

The film growth was monitored in-situ by a Woollam M-2000XI 

spectroscopic ellipsometer (SE) served with a J.A. Woollam CompleteEASE 

software, to determine film thickness and optical constants. The approach and the 

SE models have been explained in Chapter 2. The XPS sputter depth profiles were 

obtained with a Thermo theta probe spectrometer of a Quantera SXM microprobe 

system, using monochromatic Al-Kα (1486.6 eV) radiation. The XRR and XRD data 

were acquired using a Panalytical Empyrean system and analyzed by a Qualx2.0 

software 30.  

5.5.2 Kinetics of thermal-BN deposition 

5.5.2.1 The BN ALD window 

The thermal-ALD (t-ALD) experiments were carried out at different tNH3 (5 

≤ tNH3 ≤ 40 s) and PNH3 (0.1 ≤ PNH3 ≤ 1.5 mbar) values. To minimize gas phase 

reactions and promote surface reactions only, long (30-60 s) Ar-purges were 

necessary (see caption of Figure 5-3) to efficiently remove BBr3 and especially NH3. 

Figure 5-3 clearly shows that the GPC varies with both the PNH3 (Figure 5-3.a) and 

tNH3 (Figure 5-3.b). One can clearly notice an enhancement by at least a factor of 

two (i.e., from 0.04 to 0.08 nm/cycle) of the GPC with increasing the PNH3. A 
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towards-saturation GPC trend can still be observed while changing the tNH3, for 

each PNH3 value (Figure 5-3.b), pointing to an “effective” ALD window. The 

observed pressure-dependence of the towards-saturation region is rather atypical 

for ALD. One can see in Figure 5-3.b that the GPC does not quite saturate even at 

very long pulse durations (20 s, 40 s), indicating still ongoing surface reactions. 

This could involve the ongoing formation of the surface adduct and its conversion 

into -NH2- linkages. Such reaction(s) is(are) presumably rather slow in view of the 

time range indicated. The actual saturation of the GPC, typical for ALD in general 

and the particular precursors used, is expected at a longer tNH3, after completing 

the B–NH2–B surface coverage. The sharp increase in the GPC (see the values 

within the green circle in Figure 5-3.a), which corresponds to the purge time of 20-

30 s, only occurs for PNH3 > 1 mbar. This may indicate an insufficient removal of 

the NH3 by the 20-30 s long post-NH3 purges, due to its adsorption on the reactor 

walls at such high PNH3. The insufficient purge presumably caused gas phase 

reactions, significantly enhancing the growth. 
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Figure 5-3. Variation of GPC as a function of (a) PNH3 and post-NH3 purge time and (b) 
tNH3, as-measured by in-situ SE. Conditions for (a): 0.1 s of BBr3 pulse / 30 s of Ar for 
post-BBr3 purge / 10 s of NH3 pulse / 20-60 s of Ar for post-NH3 purge. The indicated 
0.1<PNH3< 1.5 mbar corresponds to 1 ≤Ptot ≤ 12 mbar. Conditions for (b): 0.1 s of BBr3 

pulse / 30 s of Ar for post-BBr3 purge/ 5-40 s of NH3 pulse/ 60 s of Ar for post-NH3 
purge. The given PNH3 values correspond to a total pressure in the range of 1-12 mbar. 
All depositions were performed at Ts = 240 ± 10 oC on 100 nm thermally grown SiO2. 

The dashed lines in (b) are given to guide the eye. 

Regarding the influence of substrate temperature, it has been observed that 

the GPC decreased from 0.05 to 0.033 nm/cycle and from 0.075 to 0.052 nm/cycle 

at PNH3 of 0.12 mbar and 1.43 mbar, respectively, with increasing substrate 
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temperature from 240 to 365 oC (Figure 5-4). Although the GPC of a perfect ALD 

process should be nearly temperature independent within the ALD window, there 

are exceptions to this rule. For example, in a recent study on GaN ALD 29, a gradual 

increase of the GPC with increasing Ts has been observed. Indications of an ALD 

process in such cases would be the following: (i) still self-limiting (although 

temperature dependent) surface reactions and (ii) the right material stoichiometry 

(i.e., the effective removal of byproducts). The decrease in GPC might indicate a 

decreased surface-adduct coverage at a higher Ts, in terms of the model proposed 

in Section 5.3, due to the desorption of NH3. The later would mean that the adduct 

formation is favorable at lower temperatures. A change of the growth mechanism 

with temperature is less likely, since both graphs in Figure 5-4 reveal similar 

activation energies for PNH3 of 0.12 and 1.43 mbar (Ptot of 1 and 12 mbar 

respectively). 
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Figure 5-4. Arrhenius plot of GPC against reciprocal temperature for samples deposited 
at PNH3 of (a) 0.12 and (b) 1.43 mbar (Ptot of 1 and 12 mbar, respectively). The dashed 

lines are the linear fits. The as-obtained activation energies (εa) are given inside the 
graphs. Conditions: 0.1 s of BBr3 pulse / 30 s of Ar for post-BBr3 purge/ 10 s of NH3 

pulse/ 60 s of Ar for post-NH3 purge. 

The BN deposition was further studied by analyzing the shape evolution of 

individual growth cycles. The GPC curve obtained by in-situ SE consisted of well-

defined steps (Figure 5-5.a). Before proceeding further, it is important to 

emphasize the following. The extremely small variations in thickness within an 

ALD cycle, are due to the changes in signal, as interpreted by the SE optical model. 
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Apart from the actual thickness variations, changing the surface optical properties 

upon the corresponding chemical reactions may also be sufficient to cause this 

effect. Only the starting and ending points of each cycle correspond to the real 

thickness values, since they compose the entire growth curve and result in the final 

film thickness. The latter can be independently verified by other ex-situ 

measurement techniques (as discussed in Chapter 2 – Section 2.2.1). 

The first step of a cycle, interpreted by SE as a thickness increase, 

corresponds to the introduction of BBr3 and presumably indicates its successful 

chemisorption. Figure 5-5.b compares the shapes of individual ALD cycles 

obtained by in-situ SE for different PNH3. The corresponding step height§§ 

evolutions are quantified in Figure 5-5.c and 5-5.d. The gradual (with PNH3) 

increase of the step height after each BBr3 pulse (Figure 5-5.c) and the smaller 

decrease after each NH3 pulse (Figure 5-5.d) may indicate a higher concentration 

of-NH2- linkages as a result of applying a higher PNH3. These linkages serve as BBr3 

chemisorption sites for the subsequent cycle, increasing the surface coverage of the 

chemisorbed -B-Br (recall Figure 5-1), and resulting in a larger step. On the 

contrary, a lower PNH3 leads to lower -NH2- coverage, therefore leaving unreacted 

B-Br sites on the surface from the previous BBr3 pulse and resulting in a weaker 

step. The fact that a higher PNH3 leads to a larger step after introducing BBr3 

supports the necessity of having NHx groups to enhance the BBr3 chemisorption. 

In other words, increasing the -NH2- coverage leads to a large BBr3 uptake. 

Similarly, increasing the -B-Br coverage leads to a large NH3 uptake, in line with 

the effect observed earlier and mentioned in the literature. See the earlier literature 

review given in this chapter. 

The same effect comes into play when tNH3 is altered (Figure 5-5.e). A higher 

tNH3 causes more nitridation of the -B-Br-chemisorbed surface, leading to enhanced 

surface coverage with -NH2- linkages. This in turn, may result in a higher surface 

 
§§ Step height and thickness decrease reported in the text and in Figure 5-5 represent the increase in thickness 
(as interpreted by SE) following a BBr3 pulse and the decrease in thickness upon an NH3 pulse, respectively. 
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coverage in the subsequent BBr3 pulse, leading to a larger step and therefore a 

higher GPC (recall Figure 5-3.b). 

0 1 2 3 4 5 6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

T
h

ic
k

n
e
ss

 (
a

.u
.)

ALD cycles

0.1 s BBr3 / 30 s Ar

10 s NH3 / 60 s Ar

a)

 

0.00

0.05

0.10

0.15

0.20

 0.12 mbar  0.83 mbar 0.48 mbar  1.43 mbar

T
h

ic
k

n
e
ss

 (
a

.u
.)

1 ALD cycle

Ar

NH3

Ar

BBr3

0 1

b) NH3 partial pressure, PNH3 mbar

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.05

0.10

0.15

0.20

0.25

0.30
 20 s purge

 30 s purge

 60 s purge

S
te

p
 h

e
ig

h
t 

(a
.u

.)

PNH3 (mbar)

c)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.015

0.020

0.025

0.030

0.035

 20 s purge

 30 s purge

 60 s purge

T
h

ic
k

n
e

ss
 d

e
cr

e
a

se
 (

a
.u

.)

PNH3 (mbar)

d)

0.00

0.05

0.10

0.15

0.20

T
h

ic
k

n
e
ss

 (
a

.u
.)

1 ALD cycle

Ar
Ar

BBr3

NH3 pulse start

 40 s 20 s 10 s 5 s

0 1

e) NH3 pulse time, tNH3

 

Figure 5-5. Thickness evolution (as interpreted by in-situ SE) within individual ALD 
cyles. (a) Representative step-wise growth in every ALD cycle; (b) Influence of PNH3 (at 

PNH3 = 0.12-1.43 mbar, Ptot = 1-12 mbar), (c,d) Quantification of the step increase / 
decrease during one ALD cycle versus PNH3 and for different post-NH3 purge durations 

(see the legend), and (e) the effect of tNH3 at PNH3 = 0.12 mbar (Ptot = 1 mbar). 
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5.5.2.2 Characterization of the BN layers 

The BN films were deposited at a substrate temperature of 240, 320 and 365 

oC and PNH3 ranging from 0.12 to 1.43 mbar (Ptot = 1-12 mbar). The pulse durations 

used for all samples discussed in this section were: 0.1 s of BBr3, 30 s of Ar for post-

BBr3 purge, 10 s of NH3 and 60 s of Ar for post-NH3 purge. A GaN layer on top of 

the BN is in-situ deposited to diminish the aging effect. 

5.5.2.2.1 Refractive index (n) by SE 

The refractive indices obtained at 632 nm and 1500 nm wavelengths 

(Figures 5-6.a and 5-6.b, respectively) reasonably agree with the values reported 

for stoichiometric boron nitride films having amorphous (a-BN), nanocrystalline 

or hexagonal (h-BN) structure 31,32. To bear in mind, extinction coefficients were 

below the sensitivity limits of the measurements system, therefore considered as 

zero. Further, n of an a-BN has been reported between 1.65 and 1.9 31,33,34; n of a h-

BN, falls in the range between 1.55 and 2.17 35–38. From the figures, the n at 632 nm 

prominently decreases with increasing Ts for PNH3 = 0.12 mbar, whereas for PNH3 = 

1.43 mbar it increases. The trends of n at 1500 nm are less evident. The behavior of 

n at 632 nm can be explained by the Urbach rule 39–41 since this wavelength is in 

the spectral region of the Urbach tail for the interband transitions of BN 37. It could 

also be related to impurities and defect states. For example, Hoffman et.al. 42 

reported absorptions in the photon energy range of 1-5 eV and attributed this to 

impurities and defect states. However, the observed behavior of n requires 

additional investigation which is out of the scope of this work. 
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Figure 5-6. Variation of the refractive index of as-deposited BN (15 ± 3 nm) as a function 
of Ts and PNH3 at (a) 632 nm and (b) 1500 nm. 
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5.5.2.2.2 XPS analyses 

Sputter-depth profiling was performed using 0.5-1 kV Ar+ ions to obtain 

bonding environments from the bulk. The surface carbon peak position was 

referenced to the C 1s line of adventitious hydrocarbons at 284.8 eV 43. B 1s and N 1s 

spectra were analyzed to obtain the bonding environments in the bulk. All the 

spectra were deconvoluted by Gaussian peaks after assuming an iterated Shirley 

background. We neglected the lifetime broadening of the B 1s and N 1s peaks 44. It 

was observed that the B 1s and N 1s spectra fitted very well with those of a boron 

nitride reference 45, providing a strong indication of the occurrence of (near) 

stoichiometric BN films.  

It was observed that the as-deposited layers contained less than 5 at.% of 

oxygen in the bulk (see Figure 5-7.a). However, after aging in air for several 

months, the layers revealed an oxygen amount of ~10 at.% (see Figure 5-7.b), 

indicating their atmospheric instability and thus amorphous or nanocrystalline 

nature 46,47.  
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Figure 5-7. Sputter depth profiles of a GaN / BN / SiO2 / Si stack (a) as-deposited and 
(b) after aging in air for several months. The near stoichiometric BN layer inhibits an 
increase of the oxygen amount from ~5 at.% (as-deposited) to >10 at.% (after aging). 

Conditions: Ts = 240 oC, PNH3 = 0.12 mbar, Ptot = 1 mbar, 0.1 s of BBr3 pulse / 30 s of Ar 
for post-BBr3 purge/ 10 s of NH3 pulse/ 60 s of Ar for post-NH3 purge. The GaN layer on 
top of the BN is in-situ deposited to diminish the aging effect; apparently, oxygen is still 

able to diffuse through. 
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5.5.2.2.3 XRD analyses 

The grazing incidence angle XRD (GIXRD) spectra of the samples deposited 

at Ts = 360 oC and PNH3 of 0.12 and 1.43 mbar (Ptot of 1 and 12 mbar, respectively) 

showed 2 broad BN-derived peaks located at 21o and 54o of 2theta (2Θ) values with 

very low intensities, indicating a poor crystallinity. Peaks due to the GaN capping 

layer can also be observed. It can be concluded that changing the pressure did not 

affect the crystalline structure significantly.  
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Figure 5-8. GIXRD patterns of the thermal-BN samples (~15 nm thick). The 
corresponding Miller indices are indicated above the peaks for BN (#) and GaN (*). The 
peak positions coincide with those reported for h-BN 48,49. The GaN peak positions are 

taken from ref. 23. 

5.6 Conclusions 

This chapter studied ALD of BN in view of the hypothesized role of 

BBr3:NH3 surface adduct in the film formation process. The proposed ALD model 

involved (i) formation of a BBr3:NH3 surface adduct complex (presumably 

reversible), and (ii) conversion of this complex into B–NH2–B linkage (irreversible), 

resulting in a unit of BN. The proposed ALD mechanism could also be viewed as 

the replica of the adduct pathway reported for AlN 22,50 and proposed for GaN 23,29 

ALD.  
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The kinetics of the surface adduct formation and its conversion into -NH2- 

linkages were calculated using a Mathcad code. The results showed that the adduct 

surface coverage depends primarily on ammonia partial pressure. The 

experimental observations of the strong dependence of GPC on both partial 

pressure and NH3-pulse duration were in qualitative agreement with the 

simulations. The pressure dependence, atypical for ALD, was indeed the novelty 

of this work. 

The ex-situ layer characterization revealed (i) refractive index (n) similar to 

that reported for a-BN and h-BN, (ii) stoichiometric BN films with O contamination 

less than 5 at.%, (iii) environmental instability of the films and (iv) their 

nanocrystalline / amorphous structure.  
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6 The effects of using alternative approaches to growing 

BN from BBr3 and NH3  

Abstract 

In this chapter the effects of using alternative approaches, namely plasma assistance and 
switching to a cold wall reactor, on the deposition of boron nitride thin films are investigated. The 

films are obtained by a sequential introduction of boron tribromide (BBr3) and ammonia (NH3) 
precursors with an Ar purge in between. Using plasma assisted growth, to switch from pure 

thermal to radical enhanced deposition mode, leads to lower GPC values compared to the thermal 
process. Furthermore, the appearance of a pure-B phase is observed by SE, presumably indicating 

a different growth mechanism than for thermal deposition. Indeed, the GPC does not follow the 
Arrhenius behavior typical for a purely thermal process. Next, switching to a cold wall reactor 
reveals results similar to those obtained with a hot-wall reactor (see Chapter 5). We observe (i) 
pressure dependence of GPC, (ii) lower GPC in the case of the radical (hot-wire) enhancement, 

(iii) environmentally instable layers with (iv) amorphous/nanocrystalline structure. Studying the 
ammonium bromide (NH4Br) formation is suggested for differentiating between ALD and CVD 

modes as well as for clarifying the deposition mechanism. 
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6.1 Introduction 

This chapter gives insights into additional aspects of BN ALD from BBr3 and 

NH3 precursors. First, the results of the thermal-BN deposition discussed in 

Chapter 5 are compared with the plasma-enhanced ALD. In-situ SE results 

presumably indicate a different-from-thermal growth mechanism for plasma-

assisted ALD. Second, two types of deposition reactors are compared, namely a 

hot wall versus a cold wall reactor. The latter is especially interesting for studying 

a reaction byproduct (ammonium bromide - NH4Br), which is suggested for 

optimizing the ALD process.  

Section 6.2 discusses the proposed growth mechanism based on a similar 

model reported in the literature and discussed earlier in Chapters 4 and 5. Section 

6.3 reports the experimental results, comparing radical-enhanced and thermal 

deposition modes in line with the proposed deposition mechanism. Section 6.4 

briefly highlights the observations made when changing the hardware from a hot-

wall to a cold-wall reactor. Finally, Section 6.5 concludes this chapter. 

6.2 Proposed BN growth mechanism in a radical-enhanced mode 

As discussed in Chapter 1, radicals or other reactive species produced via 

radical enhancement methods (e.g., plasma or hot-wire) are much more reactive 

than their molecular counterparts, thus enabling reactions that may not be possible 

in thermal mode 1. This means enabling new chemical routes compared to thermal 

mode. Specifically, applying a radical enhancement to deposit BN is expected to 

alter the growth mechanism since dissociation of NH3 into N- or H- containing 

radicals 2–6, may enable different chemical routes, which could suppress the 

dominating effect of adduct assisted routes. Firstly, N- containing radicals (NHx, 

x=0-2) can react with the surface species, causing nitridation without involving 

adduct formation as the intermediate step. Additionally, generated atomic 

hydrogen (at-H) radicals can react with surface species, e.g., with -Br, leading to 

their removal. This will decrease the number of available B-Br sites required for 
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the linkage formation via the adduct mechanism. This may imply a reduced 

involvement of the -NH2- bridges (linkages) into the BN growth mechanism. A 

schematic representation of the proposed alternations is given in Figure 6-1.  

 

Figure 6-1. Proposed alternation of the BN growth with radicals involved: thermal route, 
reaction with NHx radicals, removal of surface species by at-H.  

It should be noted that, under optimized conditions, the use of plasma can 

improve film crystallinity 7,8. On the other hand, non-optimized conditions (i.e., 

insufficient concentration of NHx radicals, too much at-H, etc.) may lead to a lower 

GPC and an increased B share in the layers. Section 6.3.2 will address this issue in 

detail. 

6.3 Plasma-enhanced ALD of BN in a hot-wall reactor 

For plasma assisted deposition, in addition to pure radical enhancement, 

surface bombardment with energetic species (i.e., ions) can altered film properties 

or the growth mechanism. For example, plasma assistance has been reported to 

improve crystallinity, electrical behavior, and densify the layers 8–10.  

6.3.1 Experimental setup 

Boron nitride films were deposited on 100 nm thermally grown SiO2 layers 

on Si wafers by sequentially pulsing BBr3 and NH3 with Ar purges in between. 

During the plasma-enhanced ALD (PEALD) experiments, only the NH3 was 

supplied such that it passed through the plasma-generation region, the BBr3 

precursor was introduced far below and just above the substrate holder. The 
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depositions were performed in a Picosun Plasma R-200 reactor. Due to the 

technical limitations of the plasma source, it was impossible to perform the 

plasma-experiments at total pressures higher than 1 mbar (i.e., PNH3 = 0.12 mbar). 

The total reactor gas-pressure was thus kept at 1 mbar, while the substrate 

temperatures (Ts) were varied between 240 and 370 oC. The typical pulse and purge 

times were set to 0.1-1.2 s for BBr3, 10-30 s for post-BBr3 Ar-purge, 5-25 s for NH3, 

and 20-80 s for post-NH3 Ar-purge.  

The film growth was monitored in-situ by a Woollam M-2000XI 

spectroscopic ellipsometer (SE) served with J.A. Woollam CompleteEASE 

software. The approach and the SE models have been explained in Chapter 2.  

6.3.2 BN ALD window and the effect of non-optimized conditions 

Varying the NH3 (Figure 6-2.a) and BBr3 (Figure 6-2.b) pulse and purge 

duration caused only a slight GPC variation without any conclusive trend, 

consistent with an ALD growth mode.  
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Figure 6-2. Variation of GPC with (a) NH3 and (b) BBr3 pulse and purge times 
measured by in-situ SE. Other conditions Ts=240 oC and PNH3 = 0.12 mbar (Ptot=1 

mbar). 

From the figure, using the shortest pulse and purge times (0.1 s of BBr3 

pulse, 10 s of post-BBr3 purge, 5 s of NH3 pulse and 20 s of post-NH3 purge) seems 

to be long enough to achieve similar GPC values. However, an intense spectral 

absorption band at ~3.4 eV was observed for the shortest tNH3 of 5 s (see Figure 6-

3.a), which was earlier attributed to the appearance of a pure-B phase, as discussed 



 

95 

 

in Chapter 3. This indicated an insufficient nitridation of the surface during such 

short NH3 pulses. Figure 6-3.b compares the optical function (ε2) of the plasma and 

thermal sample deposited using 5 s of tNH3. It can be seen that the absorption band 

is absent in the case of thermal deposition and present if plasma assistance is used. 

This confirms that, in line with the expectations, plasma enhancement significantly 

alters the BN growth mechanism (see Figure 6-1 and the corresponding text). 
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Figure 6-3. The adsorption-related optical function (ε2) as determined by in-situ SE for 
(a) various tNH3 and (b) plasma-vs-thermal mode. The absorption band observed at ~3.4 

eV is attributed to pure-B phase (see Chapter 3) and absent for thermal deposition. 

The GPC vs substrate temperature exhibits no Arrhenius behavior (see 

Figure 6-4) in contrast with the thermal mode (recall Figure 5-4). This is another 

indication of altering the growth mechanism in comparison to thermal ALD 

and/or possibly co-existence of several parallel mechanisms with a different 

dependence on temperature.  



 

96 

 

1.35x10-3 1.42x10-3 1.50x10-3 1.57x10-3 1.65x10-3 1.72x10-3
-3.9

-3.8

-3.7

-3.6

-3.5

-3.4

-3.3

-3.2

-3.1

ln
 G

P
C

1/Ts (1/K)
 

Figure 6-4. Arrhenius plot for the plasma-samples. Conditions: 0.1 s of BBr3 pulse / 30 s 
of Ar for post-BBr3 purge/ 10 s of NH3 pulse/ 20 s of Ar for post-NH3 purge. The dashed 

lines are given as a guide to the eye. 

6.4 BN deposition in a cold–wall reactor 

All the reported earlier experiments concern deposition of BN films in a hot-

wall reactor. The latter provides a vertical heating zone with a uniform 

temperature distribution and furnishes a good temperature control. However, due 

to the (large) hot surfaces, the precursors might react on the walls which could 

result in their depletion as well as particle/film formation on the walls 11–15. Such 

effects are not desired since they can affect both reaction mechanism and material 

properties. 

A cold-wall reactor can suppress the mentioned effects. A more efficient 

precursor use can be expected since the reactants are not depleted by the walls. On 

the other hand, heating only the substrate normally results in substrate surface 

temperature distribution and a strong temperature gradient. The temperature 

difference between the hot stage (T ≈ 1000 oC) and the cold walls (few tens of oC) 

can be so high 14 that it is uncertain which reaction pathways will determine the 

growth. In addition, cold walls will allow increased adsorption or even 

condensation of precursors, water vapor or reaction byproducts. All these issues 

can affect the growth mechanism and film properties. The next section aims to 
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investigate the differences in film growth using hot-wall or cold-wall reactor 

designs. 

6.4.1 Experimental setup 

The experiments were performed in a cold–wall reactor of the home–built 

cluster system, using BBr3 and NH3 precursor pulses with Ar purges in between. 

For a schematic of the reactor assembly, refer to Figure 1-3. Briefly, the assembly 

consists of 2 reactors in series with the exhaust of the first (deposition) reactor 

connected to the inlet of the second (analysis) reactor. Both reactors are pumped 

by a shared turbo–molecular pump connected to the exhaust of the second reactor. 

The latter is equipped with an in-situ Fourier transform infrared spectrometer 

(FTIR), enabling characterization of byproducts coming from the first reactor. 

6.4.2 Purely thermal mode 

The depositions were conducted on Si (100) substrates at a TS of 300 oC (as 

determined by in-situ SE). Initial test experiments (not shown here) were 

performed to verify the ALD window in terms of pulse/purge durations. XPS 

analysis revealed approximately 45 at.% of B, 38 at.% of N, 15 at.% of O and 2 at.% 

of C in the films. The relatively high oxygen share might be due to the (i) oxidation 

of the films upon exposure to air or (ii) oxygen being incorporated during the 

growth process. To differentiate between (i) and (ii), two equivalent samples were 

further deposited with one being in-situ capped with an a–Si protection layer and 

the other without capping. The XPS depth profiling (Figure 6-5), carried out on 

both samples after 3 days of their exposure to air, revealed 20 at. % of oxygen in 

the uncapped sample and 3-4 at. % of oxygen in the capped sample. This clearly 

confirms that the deposited layers were instable in air, presumably indicating their 

amorphous or nanocrystalline nature 16. 
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Figure 6-5. XPS sputter depth profiles of samples deposited in purely thermal mode, (a) 
uncapped and (b) with a–Si capping layer. Conditions: Ptot = 0.5 mbar (PNH3 ≈ 0.2 mbar), 
Ts = 300 oC, 0.1 s of BBr3 pulse, 30 s of Ar for post–BBr3 purge, 5 s of NH3 pulse and 20 

s of Ar for post–NH3 purge.  

6.4.3 Hot-wire-assisted mode 

Further experiments were performed in the same reactor but additionally 

using a hot-wire (HW) radical source heated up to max. THW =1850 K. Interaction 

of ammonia molecules with the hot tungsten surface of the HW facilitates the 

formation of atomic hydrogen (at-H) and NHx (mainly NH2) radicals 2,3. 

Generating NH2 implies providing a corresponding flux of at-H to the surface. One 

should keep in mind that the at-H flux arriving at the growing surface is expected 

to be relatively high, due to the higher recombination rate of NH2 compared to that 

of at-H. The generation, recombination and delivery of these radicals to the 

substrate surface were experimentally confirmed and discussed in our previous 

work 1, demonstrating the effective dissociation of NH3 at HW temperatures above 

1600 K. 

The HW-assisted deposition led to a significant decrease in the GPC with 

increasing the HW temperature. Namely being 0.08 nm/cycle for the HW-off 

mode (i.e., HW at room temperature), the GPC decreased to 0.05 nm/cycle for the 

HW at 2100 K. Such a decrease was in line with the expected suppression of the 

adduct assisted (thermal) route while activating new chemical routes in the BN 

growth mechanism (see Figure 6-1 and the corresponding text).  
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Specifically, the experiments were performed with the HW-state changing 

from off to on (THW ~1850 K, out of the line–of–sight with the substrate) during 

deposition, otherwise using the same ALD conditions as for the purely thermal 

mode. The deposition started with the HW off, then setting the THW in steps first to 

~800 K, ~1400 K and finally to ~1850 K. A clear effect of the THW on the GPC was 

observed for the THW beyond 1400 K (see Figure 6-6.a). The step–height (i.e., first 

increase after introducing a BBr3 pulse) was only slightly affected (~15% change) 

by THW while the entire GPC was changed by ~50%. The latter is due to a 

pronounced decrease of the “thickness” caused by the NH3 pulses***: the higher the 

THW, the larger the decrease (Figure 6-6.b). This effect can be explained by 

increasing the dissociation degree of ammonia with THW and altering the growth 

mechanism due to e.g. the presence of atomic hydrogen, as discussed in Section 

6.2. In this light, the use of the mentioned position of the HW, i.e. not in the line–

of–sight with the substrate, ensures an effective delivery of at-H to the film surface, 

however preventing delivery of NH2 radicals (see ref. 1 for further details). 

 

 
*** Thickness decrease after introducing an NH3 pulse as can be seen in Figure 6-6.b for THW at 1400 K and 
1850 K. 
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Figure 6-6. (a) GPC and (b) step-shape evolution with changing HW temperature. All 
measurements are performed by in-situ SE. It is important to bear in mind the 

considerations mentioned in Section 5.5.2 w.r.t. to the small step-variations interpreted 
by SE as the thickness changes. 

XPS sputter-depth profiling of the HW-deposited films (see Figure 6-7) 

reveals (similar to the thermally deposited layers – recall Figure 6-5) near 

stoichiometric boron nitride with less than 3 at.% of oxygen. It can be concluded 

that the HW does not affect the composition, as there is no clear in–depth change 

observed.  
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Figure 6-7. XPS sputter-depth profiling of the HW-deposited sample shown in Figure 6-
6.a.  
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It is however known that structural properties can be improved by 

activating radical-assisted routes. It has been reported that plasma assistance can 

help to improve crystallinity, electrical properties, and density of the layers 8–10. 

Utilizing a hot-wire may be another approach to influence film properties. 

Importantly, a HW-process is purely chemical opposite to plasma, since energetic 

and charged species are excluded from the gas-surface interactions. Comparing 

plasma with HW in this aspect can further clarify the mechanism(s) behind the 

changes of the film properties. 

Specifically, ref. 17 reported on an improved crystallinity of silicon obtained 

by HWCVD. In expectation of a possible effect, transmission electron microscopy 

(TEM) analysis of the purely thermal and HW-deposited samples was performed. 

Both samples exhibited an amorphous structure of the layers. The thermal-BN 

easily delaminated from the substrate surface (Figure 6-8.a), indicating its poor 

adhesion. However, a better adhesion was observed for the HW-sample, showing 

no delamination (Figure 6-8.b). Both films exhibited similar densities, 2.06 g/cm3 

for the thermal and 1.98 g/cm3 for the HW-deposited sample (determined by x-

ray reflectometry). These values are within the range of 1.8-2.3 g/cm3 reported for 

amorphous BN 18,19.  

  

Figure 6-8. TEM images of the films deposited in (a) purely–thermal and (b) HW–
assisted modes. For the thermal sample, adhesion of the BN/a–Si stack to the protective 

glue layer is much larger than that to the Si substrate. This leads to the easy delamination 
of the complete BN/a–Si/protecting glue/a–Si/BN stack from the Si. There is no 

delamination observed for the HW-sample. 
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6.4.4 Studying the byproduct formation 

Ammonium bromide (NH4Br) forms as a byproduct of the BN formation 

reaction and further deposits on all cold parts of the two-reactor assembly (recall 

Figure 1-3) Such parts include the reactor walls, room-temperature substrates and 

the internal FTIR mirrors of the second downstream reactor. In ref. 20, we propose 

to study deposition of NH4Br for differentiating between ALD and CVD modes. 

This can further assist in (i) optimizing the deposition conditions and (ii) clarifying 

the deposition mechanism.  

Briefly, rather important conclusions can be drawn from measuring the 

ratio of the produced amounts of NH4Br and BN. In view of the proposed adduct 

formation mechanism discussed in Sections 5.3.1 and 6.2, deposition of 1 mole of 

BN should result in the production of 1 mole of NH4Br, if working in an ALD 

mode. The NH4Br solely appears because of the reaction between NH3 (of the 

pulse) and HBr (of the byproduct). For CVD, when all the precursors are mixed, at 

least 3 moles of NH4Br will be produced per 1 mole of BN. Therefore, the relative-

to-BN amount of produced NH4Br can indicate the growth mode. It can further 

shine light on the deposition mechanism, since the relative NH4Br-amount can be 

pressure and/or temperature dependent. These issues however require further 

investigation and are out of the scope of this work. Further details can be found in 

Appendix 6.3.  

The removal of ammonia from the cold-wall reactor is analyzed in 

Appendix 6.1. Additional results on the formation and identification of NH4Br can 

be found in Appendix 6.2. The migration of NH4Br and its removal from the reactor 

are briefly discussed in Appendix 6.4. 

6.5 Conclusions 

The effects of switching to radical enhanced modes were investigated in 

comparison to purely thermal deposition. The experimental results could be 

adequately explained by the proposed growth mechanism which involved 
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activating the additional-to-thermal chemical routes. The radical enhancement 

lead to lower GPC values and the existence of a pure-B phase. Unlike the thermal 

mode, the absence of Arrhenius behavior could be considered as another evidence 

of the altered reaction mechanism. 

Further, the effects of performing depositions with a cold wall reactor 

(instead of a hot-wall reactor) were investigated. The material characterization 

revealed results similar to those obtained with a hot-wall reactor. We namely 

observed (i) pressure dependence of the GPC, (ii) a lower GPC in the case of the 

radical (HW) enhancement, (iii) environmentally instable layers with (iv) 

amorphous/nanocrystalline structure. Studying the ammonium bromide (NH4Br) 

formation is suggested for differentiating between ALD and CVD modes as well 

as for clarifying the deposition mechanism. 
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Appendix 6.1: Ammonia-decay analysis 

Ammonia decay analysis were performed using Perkin-Elmer Frontier 

FTIR equipment. For this analysis, NH3 was introduced into the reactor for 5 s. The 

other parameters were kept similar (Ts=300 oC and Ptot=0.5 mbar) to the 

experimental conditions discussed in Section 6.4. 

Although ammonia has its most intense peaks located at 965 cm-1 and 931 

cm-1 and many other peaks with various intensities in the wavenumber range of 

550-1250 cm-1, it is not easy to perform reliable baseline correction analysis in these 

ranges due to the limitations of the equipment. Therefore, to calculate the partial 

pressure of ammonia decay in the reactor, we selected the wavenumber range of 

1300-1900 cm-1. It should be noted that this calculation is only valid for this 

particular reactor. The calculations were performed as follows: 

1- Background recorded to eliminate the effects of existing molecules (i.e. 

water) and ammonia introduced into the reactor while FTIR signal 

continuously recorded. 

2- Multiple, representative spectrum files were selected at different times 

3- Transmittance (T) data converted to Absorbance (A) using the following 

equation (equation A-6.1), where I and Io represents the intensity in the 

sample spectrum and intensity of the background spectrum, respectively. 

𝐴 = − ln(𝑇), whereT =
𝐼

𝐼𝑜
     (eq. A-6.1) 

4- Peak areas were calculated by integration (∫𝐴 – unit cm-1). 

5- The absorption cross section (ACS – unit cm2/molecule) is calculated using 

the HITRAN database 21 as a reference and multiplied with the optical 

pathlength of our setup. 

6- To convert the integrated absorbance (∫𝐴) to a concentration (𝑛 𝑉⁄  – unit 

molecules/cm3) the following equation (equation A-6.2) is used. 

𝑛
𝑉⁄ =

∫𝐴
𝐴𝐶𝑆
⁄       (eq. A-6.2) 

7- The result obtained from equation A-6.2 is converted to molecules/m3. 
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8- Following ideal gas law (equation A-6.3) pressure is calculated. In this 

equation P is pressure, T is temperature and kB is the Boltzmann constant. 

𝑃 = 𝑛
𝑉⁄ 𝑘𝐵𝑇       (eq. A-6.3) 

As evident from Figure A-6-1, it requires several minutes to purge ammonia 

below the FTIR detection limit. A complete removal of NH3 (meaning that 

ammonia is not detectable by FTIR in the full range of 600-4000 cm-1) requires tens 

of minutes, making BN ALD impractical in this reactor.  
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Figure A-6-1. Ammonia pressure decay measured by FTIR by analyzing corresponding 
absorption bands in the range of 1300–1900 cm–1.  
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Appendix 6.2. Ammonium bromide identification ††† 

Migration of solid (but volatile) species in cold-wall reactors is a known 

problem for CVD and ALD processes, especially if Lewis acids and Lewis bases 

are used as precursors 22,23. These compounds tend to deposit on all available 

surfaces that have temperatures lower than the decomposition temperature of the 

solids. For the cold-wall reactor employed in Section 6.4, this includes the reactor 

walls and the FTIR mirrors. The latter allows the detection of the solid reaction 

byproduct (Figure A-6-2), which is identified as ammonium bromide (NH4Br). 

 

Figure A-6-2. In-situ FTIR spectrum of the solid byproduct and its comparison with a 
reference 24. 

In boron nitride deposition from boron halides (i.e., BBr3 and BCl3), 

ammonium halide powders are being formed via the reaction of ammonia with 

available hydrogen halides (i.e., HCl, HBr). In this work, NH4Br is being formed 

by reaction of HBr (byproduct of the reactions between BBr3 and NH3) and NH3: 

HBr + NH3 ↔ NH4Br     (reaction A-6.1) 

Reaction A-6.1 requires simultaneous presence of the reactants HBr and 

NH3. In an ideal ALD process, both HBr and NH3 are available during an NH3 

pulse only. As shown in Appendix 6.1, even with very long purge durations 

 
†††

 Joint work of R.O. Apaydin and A.J. Onnink (University of Twente). 
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(minutes), the high sticking coefficient of ammonia at room temperature 25 results 

in NH3 adsorption on the reactor cold walls.  
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Appendix 6.3. In-situ study of ammonium bromide formation for optimizing 

boron nitride ALD from BBr3 and NH3 ‡‡‡ 

The deposition of BN from boron tribromide (BBr3) and ammonia (NH3) 

was studied by in-situ real-time monitoring of the reactive gases and reaction 

byproducts, using Fourier Transform infrared (FTIR) spectroscopy and 

spectroscopic ellipsometry (SE) as schematically shown in Figure A-6-3.a. 

Depending on the chosen conditions, the deposition of BN varies between an ALD 

mode and a pulsed chemical vapor deposition (CVD) mode. Figures A-6-3.b and 

A-6-3.c show a layer of particles deposited on a cold (293 K) substrate near the 

exhaust, identified as ammonium bromide (NH4Br) by the FTIR reflectance 

spectrum. Such a salt is a known byproduct in CVD from NH3 and halide 

precursors 26, forming from NH3 and the gaseous hydrogen halide byproduct 

(here, HBr) and spreading through the reactor by sublimation, dissociation 27 to 

HBr + NH3, and redeposition. 

 

Figure A-6-3. (a) Schematic overview of the studied reactions and the reactor (not to 
scale), comprising a BN deposition compartment (345 K walls) and an attachment (293 
K) with in-situ spectroscopic ellipsometer (SE) and infrared (IR) spectrometer. The IR 
beam reflects between aluminum mirrors to a total path length of 26 m. (b) Photo of 

monitor wafer with a NH4Br film (partially cleaned for contrast). (c) Scanning electron 
micrographs of NH4Br nanoparticles on (b).  

To optimize an ALD recipe, the precursor-pulse and purge durations are 

typically increased until the growth per cycle (GPC) saturates. This work explores 

a new method to optimize BN ALD based on in-situ monitoring by FTIR and SE of 

 
‡‡‡ This section is a joint work presented at EuroCVD22-Baltic ALD16 conference by A.J. Onnink, see the 
list of publications at the end of this thesis. 
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the precursors and reaction byproducts. The idea is as follows. First, FTIR 

monitoring detects precursor mixing (PM) in real-time and thus assists in 

minimizing that effect. Second, the quantity of NH4Br formed per cycle is expected 

to indicate a degree of PM. Figure A-6-4.a demonstrates the concept, which is 

understood by the model given below. 

In absence of PM, only the fraction of HBr that is produced in the NH3 pulse 

forms NH4Br. BN ALD will thus form less NH4Br than CVD; the amount depends 

on the mechanism. Based on the known mechanism of thermal ALD of aluminum 

nitride and the recently proposed similar pathway for gallium nitride from NH3 

and trimethylgallium 28, we hypothesize that ALD of BN involves formation of a -

BBr:NH3 ‘surface adduct’ complex, subsequently converted to B–NH2–B links. This 

reaction produces 1 mol of HBr per mol of BN in the NH3 pulse, and so 1 mol of 

NH4Br. The remaining hydrogen atoms of the –NH2-termination are released in 

the BBr3 pulse (i.e., –NH2 + BBr3 → 2 HBr + –N-B-Br) in absence of NH3. Alternative 

ALD mechanisms may yield higher NH4Br production, but not exceeding 3 mol 

per mol BN. With PM, at least 3 mol NH4Br is made per mol BN, or more if BBr3 

reacts with gases such as H2O to form additional HBr. Therefore, the monitoring 

of NH4Br production can yield information on the mode and mechanism of pulsed 

BN deposition. 

The conditions that minimize PM in a BN deposition can be predicted by a 

model that describes the rise (pulse), decay (purge), and fall (reaction) in the 

precursor partial pressures. Figure A-6-4.b shows such a model, that also 

incorporates HBr and the growth of NH4Br through parameters determined from 

combined in-situ SE and FTIR data (e.g., Figure A-6-4.a). Process 2 approaches the 

NH4Br GPC of ALD, whereas process 1 is in CVD mode. An extensive purge is 

required to prevent PM fully; the duration may be shortened by minimizing the 

pulse dose and reactor volume, and maximizing the pump speed. 
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Figure A-6-4. (a) In-situ monitoring of partial pressures of gases (FTIR) and the 
effective thickness of NH4Br (SE) near the exhaust during pulsed BN deposition. A pulse 

of BBr3 (30 s) is started at t = 3 min with 0.01 Pa of NH3 still present, leading to 
production of NH4Br and HBr and rapid decay of PNH3. A subsequent pulse of NH3 (5 s) 

in the presence of HBr similarly leads to NH4Br production. (Partial pressures were 
calculated from the integrated absorbance of peaks in FTIR spectra. The effective NH4Br 

thickness is calculated as layer thickness×(1-void fraction) from fits to SE data.) (b) 
Simulated pulsed depositions with different pulse and purge durations. Program 1 leads 

to significant PM and high NH4Br GPC. Program 2 approaches ALD, as most HBr 
produced in the BBr3 pulse is pumped off rather than reacting with NH3 to form NH4Br. 

The model calculates the NH4Br production assuming instantaneous reactions (not 
treating transport or kinetics): experimentally, when either HBr or NH3 is present in 

excess, the other species is not detected by in-situ FTIR, consistent with full conversion to 
NH4Br. Durations in seconds (BBr3 pulse, Ar purge, NH3 pulse, Ar purge), program 1: 

0.1-300-2-300, program 2: 0.1-300-5-600. 

The monitoring of experimental trends in the NH4Br production can further 

clarify the BN growth mechanism. If BN growth occurs via reversible formation of 

-BBr:NH3 surface adducts, then the equilibrium concentration of these adducts 

should increase with the partial pressure of NH3 (PNH3), enhancing the formation 

of B–NH2–B links. Our separately submitted results 29, which is also discussed in 

Chapter 5, indeed show the expected dependence of the BN GPC on PNH3, which 

is rather atypical for ALD. In support of this result, Figure A-6-5.a demonstrates 

that the NH4Br production per cycle is also pressure-dependent. A lower pressure 

results in increased NH4Br production, presumably because the BN growth 

mechanism transitions from adduct-dominated to a different regime in which 

more than 1 unit of HBr is produced per unit of BN during the NH3 pulse. 

Figure A-6-5 displays the surprising observation that NH4Br deposition on 

the monitor wafer can be delayed to over an hour after the end of BN deposition. 
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Based on the absence of HBr (Figure A-6-5.a, inset) at the exhaust during the delay, 

we suggest that free HBr has a short lifetime when chamber surfaces have a high 

density of adsorbed NH3. Then, all NH4Br produced after the first cycle initially 

deposits on cold surfaces near the deposition compartment only. Any 

decomposition to HBr + NH3 is quickly followed by redeposition, until the density 

of NH3 is sufficiently reduced to allow migration (Figure A-6-5.b).  
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Figure A-6-5. (a) During pulsed BN deposition with purge duration < 1 minute, NH4Br 
only deposits on the monitor wafer in the first pulse-purge cycle. In subsequent cycles 

and until a 10-minute purge, in-situ FTIR monitoring (inset) detects NH3 but not HBr. 
This figure also shows that the NH4Br GPC on the monitor wafer increases as pressure is 
decreased. (b) After the BN deposition started in (a) is completed, NH4Br migrates from 

the deposition chamber to the monitor wafer. 
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Appendix 6.4. Ammonium bromide migration and removal issues §§§ 

Once deposited, ammonium bromide causes multiple problems, mainly 

contaminating the reactor as well as the FTIR mirrors and the pumping system. 

One (and possibly the best) way of minimizing such contaminants is to keep the 

temperature of the system (including reactor walls and pumping system) above 

the sublimation temperature of NH4Br. However, heating the entire system may 

be a difficult task. Consequently, other effective cleaning procedures must be 

found.  

In this work, we studied multiple approaches including wet scrubbing, 

heating or mobilization by hot–wire and plasma. It was observed that wet 

scrubbing of contaminated surfaces is an efficient method on removing the 

contaminants. Yet, considering the complex geometries of the deposition systems, 

it is not possible to reach all the deposits of NH4Br in this way. Additionally, partial 

cleaning of the reactor and waiting for migration of the molecules is not an effective 

method due to the possibility of agglomeration into bigger molecules, which 

makes it harder to estimate the time required for complete removal of the 

molecules from the reactor. In addition, because this procedure requires exposure 

of the reactor to ambient conditions, cleaning via wet scrubbing is impractical.  

Secondly, we studied heating the reactor walls to favor the sublimation and 

migration of NH4Br. It was observed that heating the walls up to 80 oC enhanced 

the NH4Br migration. The relatively high activation energy (~0.65 eV) required for 

sublimation of NH4Br 30 and the low wall temperature results in a long waiting 

time, up to tens of days to remove all the contaminants from the reactor.  

The possibility of NH4Br removal by introducing Ar and an Ar/H2 mixture 

through HW and a microwave plasma sources has been further investigated. For 

this, a clean monitor wafer was placed in the downstream direction and SE was 

installed to follow the thickness changes on the wafer. It was observed that HW 
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 Joint work of R.O. Apaydin and A.J. Onnink (University of Twente). 
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did not cause any removal, presumably due to a low concentration of at–H 

generated. On the other hand, plasma resulted in sharp thickness changes over the 

monitor wafer, indicating a plasma-enhanced removal. It can be seen from Figure 

A-6-6.a that the effect of plasma in the case of pure-Ar compared to Ar/H2 mixture 

is much less pronounced. Interestingly, a removal of NH4Br under UV/Visible 

light exposure (provided by SE beam) was also observed (see Figure A-6-6.b), 

presumably due to the local heating or photocatalytic effects.  

20 30 40 50 60 70 80
0

2

4

6

8

10

12
(0.003 mbar)(0.012 mbar)(0.003 mbar)

Plasma offAr+H2 plasmaPlasma offAr plasma

N
H

4
B

r 
th

ic
k

n
e

ss
 (

n
m

)

Time (min)

(0.004 mbar)
a)

 

 

Figure A-6-6. (a) SE measurements of NH4Br thickness change by Ar and Ar+H2 
plasma. Rapid change in thickness in case of Ar+H2 introduction (b) a picture of monitor 

wafer after NH4Br deposition. 

Concluding, effective cleaning can be achieved by simultaneous heating of 

walls and exposure to Ar/H2 plasma. Detailed investigation of NH4Br cleaning is 

however out of the scope of this work. 
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7 Growing BCN and AlBCN films from TEB and TMA 

precursors 

Abstract 

This chapter studies the deposition of BCN and AlBCN films at 250-400 oC substrate 
temperatures (Ts) by giving alternating pulses of triethylborane (TEB), ammonia (NH3) and 
trimethylaluminum (TMA) with argon (Ar)-purges in between. We observe that the GPC of 

BCN deposition increases with increasing Ts and TEB pulse time (tTEB) which indicates ongoing 
thermal decomposition of TEB. The latter is also supported by the large thickness non-uniformity, 

increasing with Ts. The films deposited at different Ts exhibit similar compositions with atomic 
concentrations of 42 at.% of B, 41 at.% of C and 15 at.% of N. In order to enable manipulating 

the composition, hot-wire (HW) assistance is introduced. This results in increased C- and 
decreased N-shares indicating inefficient nitridation and different-to-thermal chemical routes. The 

attempt to increase the N-share by elongating tNH3 has no conclusive effect on the composition 
whereas resulted in different chemical bonding environments of N atoms as determined by XPS. 

Namely, sp2 hybridized carbon-nitrogen bonds are obtained at longer tNH3 (30-60 s) whereas 
shorter tNH3 (5 s) yielded sp or sp3 carbon-nitrogen bonds. The changes in the chemical bonding 

environments lead to a decrease in refractive index by ~10%. Changing other process parameters 
hardly has any effect.  

Deposition of AlBCN films was enabled via replacing selected TEB/NH3 cycles by TMA/NH3 
cycles or, in other words, realizing so-called super-cycles. The effects of the total pressure (Ptot of 

0.2 and 10 mbar) were investigated. It was shown that the deposition kinetics is slightly pressure 
dependent; high Ptot resulted in ~10% higher GPC. The kinetics of deposition at 10 mbar was 

found to be thickness dependent; the GPC increased from 0.11 nm/cycle to 0.14 nm/cycle above 
~10 nm of the film thickness. From XPS, the elemental compositions were determined as 

Al34B13C3N49 and Al2B41C36N15 at 0.2 and 10 mbar, respectively. Merely based on the XPS peak 
fitting analysis, the appearance of BxC, CyN, pure C and stoichiometric BN phases, as well as a 

contribution of single BxCyNz can be speculated for the samples. As for Al34B13C3N49, co-existence 
of stoichiometric AlN and BN with some small incorporations of carbon can be speculated. 
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7.1 Introduction 

The first part of this chapter discusses the growth of boron (B), carbon (C) 

and nitrogen (N) containing layers from triethylborane (TEB) and ammonia (NH3) 

precursors. This allowed to obtain the so-called BCN films. In the second part, the 

so-called super-cycles were additionally implemented by replacing selected 

TEB/NH3 cycles by trimethylaluminum (TMA) and NH3 cycles. This allowed to 

incorporate aluminum (Al) into the films and thus realize AlBCN material. If not 

explicitly specified in the text, abbreviations BCN and AlBCN neither denote any 

quantitative elemental composition (i.e., give no actual shares of Al, B, C and N in the films 

and thus do not indicate stoichiometry) nor represent any phase information. The 

depositions were performed either in thermal or hot-wire (HW) assisted modes; 

the latter was explored in view of possible radical enhancement.  

The purpose of this work is manifold. First, considering the rather low 

temperature required for thermal decomposition of TEB (~250 oC, see Section 

7.2.3), it is scientifically interesting to investigate whether ammonia is still able to 

react with a TEB-terminated surface at such low temperatures and thus provide its 

efficient nitridation. In this view, it is important to confirm / disprove the 

occurrence of a surface-adduct pathway for forming BN from TEB and NH3 at low 

temperatures. Second, it is important to verify the existence of an efficient 

mechanism to remove carbon (of TEB) from the layers; the surface-adduct pathway 

may also play a role there (see, for example, ref. 1). Third, if carbon removal is 

confirmed to be incomplete at low temperatures, this can be beneficial for adding 

C impurities to BN and thus forming BCN. Fourth, using TEB/NH3 and 

TMA/NH3 super-cycles may open a route to realize AlBN or AlBCN compounds 

with, depending on the elemental shares, tunable electrical and optical properties. 

This chapter is organized as follows. Section 7.2 reviews the previously 

reported reactions between TEB and NH3. Next, the interaction between TEB:NH3 

adducts and TMA:NH3 adducts is discussed followed by the literature reports on 

decomposition of TEB in relation to BN growth. Section 7.3 discusses the 

experimental details and determination of an ALD window for the TEB/NH3 
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precursor system. Section 7.4 reports the results of deposition of BCN films and 

Section 7.5 discusses the AlBCN films obtained by super-cycles. Section 7.6 

concludes this chapter. 

7.2 Reactions in relation to BCN growth 

7.2.1 Reactions between TEB and NH3 

Since TEB ((C2H5)3B) shares similar coordination characteristics with TMA 

(CH3)3Al), calculations predict that it forms an adduct already at room temperature 

by reacting with NH3 2,3. The key importance of these adducts depends on the 

relative magnitude of the energy barrier to eliminate a single molecule (SM), e.g., 

methane (CH4) or ethane (C2H6).  

Several experimental 4–10 and theoretical 3,11,12 works have been reported on 

the decomposition of TEB and growth of BN films. Among them, Freitas et.al. 3 

studied the ethane elimination from a TEB:NH3 adduct in the gas phase in relation 

to BN deposition by metal-organic CVD. The temperature was not specified but it 

is expected to be high because MOCVD was used. The adduct was considered to 

be the starting compound for three different reaction pathways: (i) unimolecular, 

(ii) ammonia assisted and (iii) adduct assisted. The corresponding chemical reactions 

are shown below 3: 

(C2H5)3B:NH3 → TS(1) → (C2H5)2BNH2 + C2H6   (reaction 7.1) 

(C2H5)3B:NH3 + NH3 → TS(2) → (C2H5)2BNH2:NH3 + C2H6  (reaction 7.2) 

 (C2H5)3B:NH3 + (C2H5)3B:NH3 → TS(3) →  

(C2H5)3BNH2B(C2H5)2:NH3 + C2H6 (reaction 7.3) 

where TS(1), TS(2) and TS(3) stand for the transitional states. 

It was reported that the ethane elimination through transitional states 

(reactions 7.1-7.3) might enable adduct-derived species which could potentially 

evolve further and eventually form BN. However, the high energies required to 

overcome the energy barriers of ethane elimination (see Figure 7-1) may prevent 
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the formation of the adduct-derived species and thus BN 3. In this case, the 

deposition process may be dominated by decomposition of the initial precursors 

close to the growth surface. To note, thermal decomposition of TEB occurs just 

above 250 oC 5. 
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Figure 7-1. Schematic diagrams of sequences of gas-phase reactions starting with the 
formation of the (C2H5)3B:NH3 adduct and proceeding with the removal of C2H6 via (a) 

reaction 7.1 - unimolecular reaction pathway, (b) reaction 7.2 - ammonia-assisted 
reaction pathway and (c) reaction 7.3 - adduct-assisted reaction pathway 3. Energy values 

relative to that of the starting compound are given in the images. 

It is known that TEB is subjected to a so-called β-hydride elimination, 

meaning elimination of the β-H bond resulting in the formation of borane (BH3) 

and B-containing radicals 10. The as-dehydrogenated TEB will further 

(dissociatively) adsorb on the surfaces as B atoms or B-containing radicals, 

regardless the substrate 3,13. Therefore, the adsorption and decomposition of NH3 

on the deposition surface, which is terminated by B-containing molecules, will play 

a key role for the growth of BN. Since thermal dissociation of NH3 occurs at high 

temperatures (T>1000 oC) 14, lower shares of incorporated N can be expected 
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within the investigated temperature window of 300-400 oC. This will lead to high 

B- and C-shares and low N-share. For that reason, utilizing non-thermal means of 

energy (i.e., by a HW) can enhance N-incorporation. This will be addressed in 

Section 7-4. 

7.2.2 Reactions between TEB:NH3 and TMA:NH3 adducts 

ALD of AlN is known to occur via the surface adduct and -NH2- linkages 15. 

To form AlBCN compounds, interactions between corresponding adduct species 

may play a role. Freitas et.al 3 investigated interactions between TEB:NH3 and 

TMA:NH3 ((CH3)3Al:NH3) adducts and showed that the energy barrier to the SM 

elimination is reduced when one of the TEB:NH3 species is replaced by a TMA:NH3 

adduct (see Figure 7-2), compared to the adduct assisted reaction pathway shown 

in Figure 7-1.c. Although reduced, the energy barrier to obtain a complex 

compound consisting of TEB:NH3 and TMA:NH3 derivatives remains high (~56 

kcal/mol). For that reason, the formation of such intermediate species is still 

unlikely; other reaction pathways may therefore be expected, presumably 

involving thermal decomposition of TEB. 
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Figure 7-2. Schematic diagram of a sequence of gas-phase reactions, starting with the 
formation of the (C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3 precursors and 

proceeding with the removal of CH4 via an (CH3)3Al:NH3 adduct-assisted reaction 
pathway 3. Energy values relative to that of the starting compound are given in the 

image. 
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7.2.3 Thermal decomposition of TEB 

It is known that metalorganic precursors with alkyl groups thermally 

decompose at low temperatures 7. For example, TMA starts decomposing at T>330 

oC 16. TEB starts decomposing at 250 oC through the so-called β-elimination 

reactions (reactions 7.4 - 7.6) 5,10,11,17, eliminating ethylene (C2H4) in Ar ambient and 

ethane (C2H6) in H2 ambient. The C2H6 elimination occurs via reactions 7.7 - 7.9 

11,17. The C2H4 elimination (reaction 7.4) was reported to occur at 300 oC. Above 400 

oC, BH3 formation was suggested via elimination of the other two ethyl groups 11,17. 

One may thus expect an increased coverage of the growth surface with TEB 

dissociation products, of which BH3 is an important component, at temperatures 

around 400 oC or higher. If this occurs, such a process can hardly be self-limiting 

and will not lead to an ALD mode while depositing BN from TEB and NH3 at 

Ts>400 oC. As earlier proposed, the occurrence of BH3 may lead to the formation 

of BN via the adduct assisted pathway. It should be noted that BH3 can also lead 

to pure boron (pure-B) deposition. For further information, see Chapter 4. 

B(C2H5)3 → B(C2H5)2H + C2H4     (reaction 7.4) 

B(C2H5)2H → B(C2H5)H2 + C2H4     (reaction 7.5) 

B(C2H5) H2 → BH3 + C2H4      (reaction 7.6) 

B(C2H5)3 + H2 → B(C2H5)2H + C2H6    (reaction 7.7) 

B(C2H5)2H + H2 → B(C2H5)H2 + C2H6    (reaction 7.8) 

B(C2H5)H2 + H2 → BH3 + C2H6    (reaction 7.9) 

Below 400 oC, the intermediate products of the β-hydride elimination 

reactions, namely the B(C2H5)2H and B(C2H5)H2 species, are expected to lead to BN 

deposition. Specifically, BN may form through amine formation reactions similar 

to AlN and GaN (see Chapter 2). Carbon incorporation into the films can possibly 

originate from C2H4 or C2H2, since these hydrocarbons can enable carbon deposits 

at comparable temperatures 10. The C2H2 is being formed via H2 elimination from 

ethylene 11,18. Incorporation of C bonded to B may occur due to unbroken C-B 
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bonds in TEB fragments in combination with the absence of an effective chemical 

reaction to remove the carbon at low deposition temperatures. An example of such 

a reaction is the proposed removal of CH3 groups from TMG by the surface-adduct 

assisted pathway while forming GaN at 400 oC 1.  

7.3 Experimental details  

7.3.1 Deposition methodology 

The BCN films were deposited in Reactor-3 of the home-built ALD/CVD 

cluster system from sequentially introduced TEB and NH3 precursors. A detailed 

description of the reactor can be found in Chapter 1 and ref. 19,20. The same reactor 

was used to additionally realize the super-cycles by replacing selected TEB/NH3 

cycles by TMA/NH3 cycles. This allowed to incorporate Al and thus realize AlBCN 

films.  

Prior to deposition, the substrates (i.e., Si (100) wafers) underwent the 

standard three-step wafer cleaning procedure detailed in Chapter 3. The films 

were obtained in the total pressure range of 0.2 –10 mbar, at substrate temperatures 

between 250 and 400 oC. The precursors were introduced via alternating pulses 

with Ar-purges in between, to avoid gas phase reactions. The typical pulse- and 

purge-durations were: 0.5-2.0 s of TEB, 0.5 s of TMA, 5 s of post-TEB and 5 s of 

post-TMA purge, 2.0-60 s of NH3 and 2-80 s of post-NH3 purge. 

The layers were characterized by in-situ (real time) and ex-situ 

spectroscopic ellipsometry (SE) (see Chapters 2 / Section 2.2 for details) and x-ray 

photoelectron spectroscopy (XPS) (see Chapter 3 / Section 3.2 for the equipment 

identification).  

7.3.2 Tuning the deposition conditions  

Figure 7-3 shows the effects of substrate temperature and TEB pulse time 

on the growth rate per cycle (GPC). There are rather small changes of the GPC for 

Ts<325 oC, whereas beyond this temperature the GPC shows a sharp increase. This 
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is possibly due to the enhanced thermal dissociation of TEB if the Ts is approaching 

to 400 oC, as expected from the literature 5. Figure 7-4 shows that the GPC is not 

significantly affected by the NH3-exposure (tNH3) and post-NH3 purge times in the 

range studied. Analyzing the step-wise growth per cycle by in-situ SE (see 

Appendix 7.1) revealed that post-NH3 purge times longer than 20 s were required 

to minimize possible gas phase reactions between TEB and NH3 at a total pressure 

(Ptot) of 5 mbar. Increasing the Ptot to 10 mbar required at least 60 s of the post-NH3 

purge time. The tTEB was fixed at 0.5 s based on Figure 7-3.  

To investigate the temperature effect on the reaction with NH3 and the 

removal of carbon, Ts in the range of 325-375 oC was selected. There is only a little 

decomposition of TEB at the lowest Ts, whereas the highest Ts results in a 

significant decomposition.  
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Figure 7-3. Variation of GPC as a function of Ts and tTEB (see the legend) at Ptot=5 mbar. 
Durations: post-TEB of 5 s, tNH3 of 5 s for the solid and open symbols and 2 s for the half-
open symbols, post-NH3 of 40 s for the solid and 10 s for open and half-open symbols. To 

note: the tNH3 and post-NH3 purge durations have only a little effect on the GPC, as 
concluded from Figure 7-4.  
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Figure 7-4. Variation of GPC as a function of tNH3 (see the legend) and post-NH3 purge 
time at Ptot=5 mbar. Between the horizontal dashed lines, the GPC varies within 0.006 

nm/cycle.  

Total pressure can influence both GPC and material (i.e., optical) properties, 

as discussed in the earlier chapters. No film growth was observed at Ptot of 10-3 

mbar. From Figure 7-5, it can be concluded that the GPC noticeably increases at 

Ts=330-375 oC if Ptot raises from 0.2 to 1 mbar and remains rather unaffected (i.e., 

~0.012 nm/cycle) for Ptot in the range of 1-5 mbar. Further increase of the Ptot up to 

10 mbar at Ts=330 oC results in a similar GPC value of ~0.011 nm/cycle. At 250 oC, 

the GPC gradually increases with pressure for all Ptot values (see Figure 7-5). 

However, deposition below the onset of thermal decomposition of TEB (250 oC) is 

impractical due to the very low GPC values (0.006 nm/cycle at 5 mbar). 
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Figure 7-5. Variation of GPC as a function of Ptot and Ts (see label). Depositions were 
performed at various substrate temperatures as shown in the label. Other conditions: 0.5 s 
of TEB pulse, 5 s of Ar for post-TEB pulse, 5 s of NH3 pulse and 40 s of Ar for post-NH3 

purge. To note, any data reported in the graph do not correspond to GPC of zero. 



 

126 

 

Taking into account the observed temperature-pressure effects w.r.t. the 

deposition kinetics, we further characterize film composition and their optical 

properties by XPS and SE. 

7.4 Deposition of BCN films  

Purely thermal depositions were carried out at 330, 375 and 400 oC, see 

Table 7-1 for the conditions. The effect of adding a hot-wire (HW) was researched 

for Ts=375 oC. Since increasing tNH3 may affect the efficiency of surface nitridation 

6,21, the NH3 pulse time was changed accordingly.  

Table 7-1: Deposition conditions for BCN films. 

Pressure 
(mbar) 

Substrate 
temperature (oC) 

TEB pulse / 
purge time (s) 

NH3 pulse 
time (s) 

NH3 purge 
time (s) 

10 330 0.5 / 5 5 60 

10 375 0.5 / 5 5 60 

10 400 0.5 / 5 5 60 

10 375 - HW (1850 K) 0.5 / 5 5 60 

10 375 0.5 / 5 30 60 

10 375 0.5 / 5 60 60 

7.4.1 Growth aspects from SE 

Figure 7-6 shows that the GPC increases with temperature, indicating the 

ongoing thermal decomposition of TEB. The GPC is rather unaffected by the tNH3, 

similar to the findings of ref. 6,22, indicating that a tNH3 of 5 s is enough to complete 

reactions between the available surface sites and NH3.  

Since the presence of H2 is reported to change the growth mechanism 11,17, 

adding atomic hydrogen (at-H) and NH2 radicals generated by HW 23,24 may 

facilitate alternative chemical routes, as discussed earlier in Section 7.2.3 and 

Chapter 4 and 6. The HW-assisted deposition (Figure 7-6) revealed only a slight 
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increase of the GPC. The effect of HW on the material properties will be discussed 

below and in Section 7.4.2.  
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Figure 7-6. GPC of samples deposited at various substrate temperatures and ammonia 
pulse durations, as measured by in-situ SE. For a comparison, HW-assisted deposition 

was performed at 375 oC. Other process conditions can be found in Table 7-1. 

Figure 7-7 compares the shapes of individual pulses recorded by SE at 

various conditions. To bear in mind, the small signal variations within a cycle are 

interpreted by the SE optical model as thickness changes. Apart from actual 

thickness changes, altering optical properties as a result of surface reactions may 

also cause this effect. Upward steps may indicate the successful chemisorption of 

TEB. At higher Ts, the steps become larger, suggesting enhanced chemisorption. 

Turning on the HW and varying the tNH3 has no clear effect.  
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Figure 7-7. Step shapes (by in-situ SE) obtained from the samples deposited at (a) 
various substrate temperatures and (b) various tNH3 durations. The HW-assisted 

deposition shows no effect on the shapes. Other process conditions can be found in Table 
7-1. 

The film-thickness uniformity was mapped by ex-situ SE (see Appendix 

7.2). The large non-uniformity and its increase at higher Ts confirms once more (i) 

the absence of self-limiting surface reactions (and thus an ALD mode) and (ii) 

thermal decomposition of TEB, dominating the film growth. A slight decrease of 

the non-uniformity with increasing the tNH3 may indicate some effects but needs 

further investigation. 

The refractive index (n) of the BCN films is given in Figure 7-8. There is no 

significant effect of Ts on the n, suggesting similar elemental composition (see 

Section 7.4.2.1). A slight increase of n in case of the HW-assistance is possibly due 

to the 5 at.% higher share of C incorporated into the films. Changing the ammonia 

pulse duration has a bigger effect: the n decreases for a longer tNH3 (Figure 7-8.b). 

Importantly, the XPS sputter-depth profiles (refer to Figure 7-9) exhibit slightly 

higher N content for the longer times. It should be noted that relatively small 

compositional changes may still cause an impact on the optical properties. For 

example, Lei et.al. 25 observed a decrease of the refractive index of their BCN films 
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by ~6% if going from B10C55N35 to B13C54N33 and further to B14C51N35 stoichiometry. 

They attributed the effect to the increased sp3-binding share of B-N and C-N in the 

compound. Kimura et.al. 26 and Sota et.al. 27 reported a decreased optical bandgap 

for samples containing 13 at.% of C. The authors attributed this change to the 

incorporation of C atoms into the amorphous region of BCN films and suggested 

that formation of certain bonds, namely sp2 C=C and C=N, may decrease the 

optical bandgap. Prakash et.al. 28 reported 15% larger bandgap for their samples 

exhibiting similar compositions and attributed that to changes in the chemical 

bonding network. Angus and Hayman 29, Dischler et.al. 30 and Robertson et.al. 31 

reported a smaller bandgap if H-content in their amorphous C:H films decreased. 

Similar effects of changing the composition may play a role in our case as well. 

This will be further discussed in the next section. 
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Figure 7-8. Refractive index of films deposited at various Ts (a) and tNH3 (b). Other 
process conditions can be found in Table 7-1. 

7.4.2 Compositional analysis from XPS 

7.4.2.1 Sputter depth profiles 

Sputter-depth profiling of a representative BCN sample is shown in Figure 

7-9. In Table 7-2, the elemental shares in at.% obtained from different samples are 

given. The layers consisted of B, C and N. Small amounts of O (<3 at.%) and Si (<2 

at.%) were also detected, not shown in the table. Varying Ts (Table 7-2) only 

influenced the GPC, hardly affecting the composition. The introduction of HW 

leads to a lower N- but higher C-share, contrary to the expected enhancement of 
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the removal of carbon by at-H. In this light, Chubarov et.al 32 proposed an altered 

surface chemistry to explain similar observations. Since at-H can promote 

decomposition of hydrocarbons, this can enhance deposition of carbon. Further, 

the attempt to increase the N incorporation by elongating the tNH3 pulse hardly 

influenced the composition (Table 7-2). This confirmed that the time was not the 

limiting factor at 375 oC.  
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Figure 7-9. XPS sputter-depth profile of a representative B0.42C0.41N0.15 sample capped 
with an a-Si layer. The given stoichiometry does not necessarily imply a single-phase 
material. Conditions: Ts=330 oC, tNH3=5 s. Other process conditions can be found in 

Table 7-1.  

Table 7-2. Shares of various elements (in at.%) for samples deposited at different 
conditions. Other conditions can be found in Table 7-1. 

 Variable parameter B C N 

Ts 

330 oC 42 41 15 

375 oC 43 40 12 

400 oC 43 42 12 

HW HW-1850 K 45 47 6 

tNH3 

5 s 43 40 12 

30 s 43 40 15 

60 s 42 40 16 

7.4.2.2 Chemical bonding environments 

The chemical nature of the BCN films was investigated by XPS. Figure 7-10 

shows the representative peak fitting analysis for B 1s, C 1s and N 1s peaks. 
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Gaussian fitting is performed after fixing peak positions at the corresponding 

values in accordance with Table 7-3. For the samples of Table 7-2, there is no 

apparent shift detected for the B 1s and C 1s peaks neither with varying Ts and tNH3 

nor HW-assistance. The B 1s peak is observed at approximately 189.6 eV and the 

fits suggest three possible binding states of boron (by neglecting the O-subpeak) 

centered at 187.6, 189.4 and 190.6 eV (Figure 7-10.a). Three subpeaks are needed to 

adequately describe the C 1s spectra (Figure 7-10.b). The N 1s spectrum is found 

to have a tail towards higher binding energies, when a longer tNH3 (30-60 s) is used, 

indicating a different bonding environment. Namely, the peak located at 399.3 eV 

is attributed to sp or sp3 hybridized carbon-nitrogen bonds whereas the peak 

located at 400.3 eV is assigned to sp2 hybridized carbon-nitrogen bonds (for 

references please refer to Table 7-3). The earlier mentioned differences in the 

refractive index (Figure 7-8.b) can be attributed to the changes in the bonding 

environments. The literature-based assignment of the subpeaks is listed in Table 

7-3. 
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Figure 7-10. Deconvolution of representative XPS peaks of a BCN film: B 1s (a), C 1s 
(b), N 1s with (c) and without (d) HW-assistance. For the films deposited at longer tNH3 
of 30-60 s, a shift towards higher binding energies was observed in the N 1s spectra, see 

(d). 

Solely based of the subpeaks, it is difficult to conclude on a phase separation 

and claim the occurrence of either a composite or single-phase “BCN” material. At 

least two bonding environments can be suggested for N, three for C and B (the 

latter neglects the O-subpeak). From this, one may for example speculate the 

appearance of BxC, CyN, pure C and stoichiometric BN phases. It does however 

not exclude a contribution of a single BxCyNz phase as well. A detailed 

investigation is required in order to identify the available phases.  
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Table 7-3. XPS binding energies of B 1s, C 1s and N 1s peaks observed for the samples 
listed in Table 7-2 and peak assignment from the literature. 

element 
binding energy 

(eV) 
possible bonds and compounds references 

B 1s 

187.5 

B-C in B4C 33–36 

B-B in B4C 36 

B-B in pure-B 37 

189.4  
B-C in BC3.4 38–40 

B-C in BxCyNz 41 

190.6 B-N in BN 39,42–44 

192.7 B-O in B2O3 45 

C 1s 

283.2 C-B in B4C 36,38,40,46–48 

284.3 
C-C in a-C 26,28,39,43,49 

C-C in BC2N 50 

285.6 C-N in carbonitrides 51 

N 1s 

397.8 N-B in BN 38,44,49 

399.3 
carbon-nitrogen bond in sp or sp3 

hybridization  
38,41,43,49,52,53 

400.4 
carbon-nitrogen bond in sp2 

hybridizations 
49,52,53 

7.5 AlBCN films obtained by super-cycles  

The films were deposited at Ts of 375 oC and a Ptot of 0.2 or 10 mbar, to 

investigate the total pressure effect. Each TEB/Ar/NH3/Ar cycle was followed by 

a TMA/Ar/NH3/Ar cycle. The chosen pulse durations of the first sub-cycle were: 

0.5 s of TEB (tTEB), 5 s of post-TEB purge, 30 s of NH3 (tNH3) and 60 s of post-NH3 

purge. For the second sub-cycle, the durations were: 0.5 s of TMA (tTMA), 5 s of 

post-TMA purge, 10 s of NH3 (tNH3) and 5 s of post-NH3 purge. The latter was 

copied from the earlier works performed in the group.  

As shown in Section 7.3.2, BCN deposition at 0.2 mbar is very slow. 

However, AlN deposition readily occurs at this pressure 54 and may be expected 

to enhance the process similar to the effect mentioned in ref. 55. On the other hand, 
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at 10 mbar, both AlN and BCN can deposit. Composition of AlBCN films is 

therefore expected to depend on Ptot. 

7.5.1 Growth aspects from SE  

Figure 7-11 shows the dependence of GPC on Ptot. At 0.2 mbar, a GPC of 0.1 

nm/cycle was obtained. Considering that GPC of BCN is 0.02 nm/cycle at this 

pressure (refer to Figure 7-5), GPC of 0.1 nm/cycle might indicate dominant AlN 

deposition. On the other hand, the kinetics of depositions at 10 mbar was found to 

be thickness dependent. Namely, a GPC of 0.11 nm/cycle was obtained for the 

thicknesses up to ~10 nm; above 10 nm, the GPC increased to 0.14 nm/cycle. 

Speculatively, it could be explained by the film closure above a critical thickness 

(i.e., 10 nm in this case). Alternative explanations might include (i) structural 

changes during deposition (as observed for TiO2 56,57 and F16CuPc 58 thin films), (ii) 

increased effective surface area due to surface roughening 56, (iii) establishing a 

preferred orientation due to film doping (see e.g. F doped ZnO 59), or (iv) increased 

density of reactive species on the growth surface 56 (i.e., establishing proper 

reaction sites). To clarify the thickness dependent GPC behavior, a detailed 

experimental investigation is required, which is out of the scope of this work. 
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Figure 7-11. (a) GPC of AlBCN films vs total pressure. At 10 mbar, two thickness 
dependent GPC values were measured, as indicated. For step-shape analysis refer to 

Figure 7-12. (b) Thickness vs number of cycles for AlBCN sample deposited at 10 mbar 
showing thickness dependent GPC. 

The SE step-shape analysis is shown in Figure 7-12. At 0.2 mbar (Figure 7-

12.a), a “thickness” change was observed following the introduction of both TMA 



 

135 

 

and TEB. The latter contributed much less compared to the former, suggesting the 

dominant growth of AlN once again. At 10 mbar (Figures 7-12.b and 7-12.c), 

introduction of TMA had no visible effect below 10 nm thickness. Above 10 nm, a 

small contribution due to each TMA pulse can be seen (Figure 7-12.c).  
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Figure 7-12. Step-shape comparison for deposition at 0.2 mbar (a) and 10 mbar (b and 
c). Figure (b) corresponds to thickness < 10 nm and (c) to thickness > 10 nm. 

The corresponding refractive index graphs are given in Figure 7-13. There 

is a difference in n of less than ~20%. The n obtained at 0.2 mbar deviates from that 

of AlN 54 by ~10%, which can be attributed to small amounts of boron and carbon 

atoms present in the film (please refer to Figure 7-14). At 10 mbar, a lower n is 

obtained, which can be ascribed to a larger share of the BCN compound; the latter 

is better formed at high pressures.  
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Figure 7-13. Refractive index (from in-situ SE) of films deposited at Ptot of 0.2 (black) 
and 10 (red) mbar. Other conditions: 0.5-5-30-60 s durations for a TEB-Ar-NH3-Ar 

sequence and 0.5-5-10-5 s durations for a TMA-Ar-NH3-Ar sequence. 

The thickness was mapped by ex-situ SE (see Appendix 7.3). It shows a high 

non-uniformity with a thickness variation of up to 60%, which once more (recall 

Appendix 7.2) confirms thermal decomposition of TEB. Deposition at 0.2 mbar 

results in an improved thickness uniformity compared to that at 10 mbar, 

presumably due to a dominant AlN growth. 

7.5.2 Compositional analysis from XPS  

7.5.2.1 Sputter depth profiles 

Sputter-depth profiling is given in Figure 7-14. Apart from Al, B, C and N, 

low amounts of oxygen (less than 5 at.%) can be seen. For the deposition at a Ptot of 

10 mbar (Figure 7-14.a), the layer mainly consists of B, C and N, with approx. 2 

at.% of Al. We conclude that, at high total pressures, BCN deposition takes over 

AlN deposition, somehow preventing the involvement of TMA molecules. 

Presumably, boron and/or carbon can occupy active surface sites, preventing the 

chemisorption of TMA. At low pressures, 34 at.% of Al is incorporated into the film 

(see Figure 7-14.b). This can be explained by the inhibited growth of BCN, as earlier 

demonstrated in Figure 7-5.  



 

137 

 

10 15 20 25 30 35
0

20

40

60

80

100

A
to

m
ic

 c
o

n
ce

n
tr

at
io

n
 (

%
)

Sputter time (min)

a)

Al2B41C36N15

 B  C  N  O  Si  Al

 

0 1 2 3 4 5 6 7
0

20

40

60

80

100

Al34B13C3N49

A
to

m
ic

 c
o

n
ce

n
tr

at
io

n
 (

%
)

Sputter time (min)

b)  B  C  N  O  Si  Al

 

Figure 7-14. XPS depth profiles of AlBCN samples (capped with a-Si layer) deposited at 
Ptot of (a) 10 mbar and (b) 0.2 mbar. The indicated stoichiometric coefficients are 

calculated from the peak-intensity ratios and do not necessarily imply the occurrence of a 
single-phase. 

7.5.2.2 Chemical bonding environments 

Figure 7-15 shows Gaussian fitting of Al 2p, B 1s and N 1s peaks of a sample 

deposited at a Ptot of 0.2 mbar. Positions of the subpeaks were fixed according to 

Table 7-4. The C 1s peak (intensity within error margin – no deconvolution 

performed) position shifted towards lower energies, namely to 282.0 eV, possibly 

due to the presence of Al. the Al 2p peak was successfully fitted by two subpeaks. 

Nitrogen showed two different bonding states attributed to N-Al and N-B bonds 

as in AlN and BN, respectively. Weak subpeaks of a N-C bond were observed at 

399.0 and 400.0 eV, due to the shift in N 1s peak positions during sputtering (see 

Appendix 7.4), to be assigned to sp or sp3 and sp2 hybridizations, respectively.  
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Figure 7-15. Deconvolution of representative Al 2p (a), B 1s (b) and N 1s (c) XPS peaks 
of the Al34B13C3N49 sample of Figure 7-14.b deposited at Ptot= 0.2 mbar. 2 different peak 

positions were determined for N 1s clearly indicating the formation of AlN and BN 
compounds. 

From the measured composition and the peak-deconvolution analysis, it 

might be speculated that the Al34B13C3N49 sample contained stoichiometric AlN 

and BN phases with some small incorporations of carbon.  
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Table 7-4. XPS binding energies of Al 2p, B 1s and N 1s peaks of the Al34B13C3N49 
sample deposited at Ptot=0.2 mbar, and peak assignment from the literature.  

element 
binding energy 

(eV) 
possible bonds and compounds references 

Al 2p 
73.4 Al-N in AlN 60 

75.2 Al-O in Al2O3 61 

B 1s 
187.5 

B-C in B4C 33–36 

B-B in pure-B 37 

190.3 B-N in BN 42–44 

N 1s 

396.7 N-Al in AlN 60 

397.5 N-B in BN 38,44,49 

399.0 
carbon-nitrogen bond in sp or sp3 

hybridizations 
38,41,43,49,52,53 

400.0 
carbon-nitrogen bond in sp2 

hybridization 

49,52,53 

Figure 7-16 shows the peak deconvolution of the Al2B41C36N15 sample (recall 

Figure 7-14.a) deposited at a Ptot of 10 mbar. The B 1s and C 1s spectra exhibited 

bonding states located at binding energies similar to those earlier measured for the 

BCN films discussed in Section 7.4.2.2. Further, the Al 2p peak was successfully 

fitted by two subpeaks (Figure 7-16.b) attributed to AlN and Al2O3, similar to the 

0.2 mbar case (recall Figure 7-15.a). The N 1s peak showed two different bonding 

states attributed to N-Al and N-B bonds as in AlN and BN, respectively (Figure 7-

16.d). In addition, from deconvolution of the N 1s peak, a weak subpeak of a N-C 

bond might be suggested. The peak position ranges between 399.0 and 400.3 eV, 

depending on the vertical position of the volume probed by XPS inside the film. 

At the film surface, the N-C peak presumably appears at 399.0 eV, whereas it shifts 

to 400.3 eV while approaching the film/substrate interface (see Appendix 7.4). The 

shift may point out to a change in the bonding environment of nitrogen, which can 

be related to the change of GPC observed for the 10-mbar sample (Figure 7-11.b). 

Since a similar N 1s peak shift is observed for the 0.2-mbar sample as well, a change 

in GPC can also be expected there when approaching critical thickness. The latter 

is however difficult to achieve due to a low GPC at 0.2 mbar. The N 1s subpeaks at 
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399.0 and 400.0 eV can be assigned to sp or sp3 and sp2 hybridizations, respectively. 

Please refer to Tables 7-3 and 7-4 for further details. 

Summarizing, the Al2B41C36N15 sample deposited at 10 mbar resembles, in 

terms of its composition and chemical bonding environments, the B0.42C0.41N0.15 

sample earlier discussed in Section 7.4.2.2. The similar elemental shares of B, N and 

C can originate from the low share of Al, making these two materials comparable. 

We can once again speculate the appearance of BxC, CyN, pure C and 

stoichiometric BN phases, perhaps with some additions of a single BxCyNz phase. 

As for the Al34B13C3N49 sample obtained at 0.2 mbar, co-existence of stoichiometric 

AlN and BN phases with some small incorporations of carbon may be speculated. 
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Figure 7-16. Deconvolution of representative B 1s (a), Al 2p (b), C 1s (c) and N 1s (d) 
XPS peaks of the Al2B41C36N15 sample of Figure 7-14.a deposited at Ptot= 10 mbar. 2 

different peak positions were determined for N 1s clearly indicating the formation of AlN 
and BN compounds. 
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7.6 Conclusions 

This work investigated deposition of BCN and AlBCN films in view of the 

goals mentioned in the introduction. It was shown that, GPC of BCN films 

increases with Ts and tTEB, indicating the ongoing thermal decomposition of TEB. 

The large non-uniformity exhibited by the films confirmed once more the thermal 

decomposition of TEB, dominating the film growth. The films deposited at 

different Ts comprised similar quantitative elemental compositions (QEC) of 

B42C41N15 (values vary by ±2), showing inefficient film nitridation. In order to 

facilitate nitridation, longer ammonia pulse times were applied, still hardly 

showing any effect on GPC. However, the tNH3 influenced the N 1s bonding 

environment, which was changed from sp or sp3 hybridized carbon-nitrogen 

bonding at tNH3=5 s to sp2 hybridized carbon-nitrogen bonding at tNH3=30-60 s. This 

change had a significant effect on n which decreased by ~10%. 

To investigate alternative chemical routes, HW-assisted deposition was 

applied, which allowed to provide atomic hydrogen to the system among the other 

precursors. This lead to a lower N- and a higher C-share, yielding a QEC of 

B45C47N6. The effect could be explained by the involvement of different-to-thermal 

chemical routes, still, however, resulting in inefficient nitridation.  

The deposition of AlBCN films were found to be slightly pressure 

dependent, namely high Ptot resulted in ~10% higher GPC. A thickness dependent 

GPC was measured by in-situ SE at the high Ptot; above a critical thickness (d >10 

nm), GPC increased by ~20%. The films exhibited clear compositional differences. 

Specifically, the very different QEC of the Al34B13C3N49 and Al2B41C36N15 film 

deposited at 0.2 and 10 mbar, respectively, indicated the enhanced BCN deposition 

at higher Ptot whereas lower Ptot caused mainly AlN in the films. The Al2B41C36N15 

sample deposited at 10 mbar resembled, in terms of its composition and chemical 

bonding environments, to the B0.42C0.41N0.15 sample earlier discussed in Section 

7.4.2.2. The similar elemental shares of B, N and C possibly originated from the 

low share of Al, making these two materials comparable.  
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Solely from XPS, appearance of BxC, CyN, pure C and stoichiometric BN 

phases, perhaps with some additions of a single BxCyNz phase can be speculated 

for all samples. As for the Al34B13C3N49 sample obtained at 0.2 mbar, co-existence 

of stoichiometric AlN and BN phases with some small incorporations of carbon 

may be speculated. However, a detailed investigation is required in order to 

identify the available phases. 
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Appendix 7.1: Stepwise growth of BCN films 
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Figure A-7-1. The effect of post-NH3 purge time (given inside the images) on the step-
wise growth of BCN films deposited at Ptot of 5 mbar using tNH3 of (a) 2 s and (b) 5 s, as 

determined by in-situ SE. The graphs show that post-NH3 purge times longer than 20 s is 
required to minimize possible gas phase reactions between TEB and NH3. It is important 

to bear in mind the considerations mentioned in Section 5.5.2 w.r.t. to the small step-
variations interpreted by SE as the thickness changes. 
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Appendix 7.2: Thickness variation of BCN films mapped by ex-situ SE 
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Figure A-7-2. (a) Representative thickness mapping of a BCN layer deposited at 375 oC, 
10 mbar and tNH3 of 5 s. To note, TEB is introduced from the left-hand side of the image. 

The thickness variations in (b) and (c) are calculated as [(max-min)/max] x 100. 
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Appendix 7.3: Thickness variation of AlBCN films mapped by ex-situ SE 
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Figure A-7-3. Ex-situ SE thickness maps of AlBCN samples deposited at Ptot of (a) 10 
mbar and (b) 0.2 mbar. To note: TEB and TMA are introduced from the left-hand side, as 
indicated. As a result, thicker layers are formed closer to the gas inlet. Deposition at 0.2 
mbar results in an improved thickness uniformity, suggesting a dominant AlN growth. 
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Appendix 7.4: Sputter depth profile line intensities 
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Figure A-7-4: Sputter depth profile line intensities of N 1s peaks for samples deposited at 
Ptot of (a) 0.2 mbar and (b) 10 mbar. The shift in N 1s peak maxima indicates different 

bonding environments as discussed earlier in Sections 7.4.2.2 and 7.5.2.2. 
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8.1 Conclusions 

This thesis addressed deposition of B-, C- and N- containing thin films by 

thermal and radical–enhanced methods. We explored both pulsed-deposition and 

ALD approaches, with the aim to comparatively study and understand the growth 

mechanisms, observe the occurrence of various phases in the compounds, and 

obtain basic material properties. Several precursor systems have been explored in 

view of the deposition mechanisms hypothesized and the research goals named. 

The approach and motivation were outlined in Chapter 1. 

Chapter 2 focused on the application of SE for determining thickness, 

optical functions and composition of the films. The relevant optical SE models 

were reviewed, finally building the appropriate models used through the entire 

thesis for analyzing the films and composites under study. The performed 

literature review outlined the relevant film-growth mechanisms in terms of surface 

chemical reactions. The mechanisms we further confirmed / disproved to occur in 

the following up chapters of this thesis, in relation to the particular precursors 

used. 

Chapter 3 experimentally verified the SE approach proposed in Chapter 2 

for the films deposited from B2H6 and NH3 gases. The analysis suggested the multi-

phase (composite) film nature; the films were further referred to as B/BN 

composites. The composites exhibited refractive indices (n) strongly dependent on 

the pure-B fraction: a gradual increase of n from 1.7 (stoichiometric BN) to 2.9 

(pure-B) was achieved by tuning the pure-B share. It was shown that the developed 

SE model could quantitatively describe the experimental n-values as well as the 

multi-phase nature of the films in terms of the B- and BN-shares. Thin pure-B films 

revealed a characteristic and not mentioned in the literature absorption peak at 

~3.3 eV. The XPS measurements confirmed composite nature of the films, 

indicating the presence of a well-defined stoichiometric BN phase. The cross-

correlation maps provided by EFTEM showed lateral homogeneity of the B- and 

N-elements, thereby suggesting their vertical inhomogeneity. 
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In Chapter 4, the growth mechanism of the B/BN composites deposited 

from B2H6 and NH3 gases was investigated. The degree of dissociation of NH3 was 

gradually changed from zero (purely thermal mode) through low by applying a 

hot-wire (HW) to high by plasma-assistance. In purely thermal mode, the growth 

and composition of the layers were strongly dependent on total gas pressure (Ptot): 

increasing the Ptot enhanced the GPC and reduced the pure-B content from ~70 

vol.% to ~6 vol.%. Such a strong pressure dependence allowed to hypothesize the 

growth mechanism via the surface-adduct reaction pathway, analogous to the 

earlier suggested mechanisms for AlN and GaN. Introducing additional means to 

dissociate NH3 significantly affected the growth behavior, film properties and thus 

the mechanism. The best results were obtained with plasma, which provided near 

stoichiometric, crystalline and stable in air BN films at approx. 300 oC.  

Applicability of the surface-adduct mechanism to ALD of BN from BBr3 and 

NH3 was further addressed in Chapter 5 and 6. Chapter 5 showed that the 

hypothesized role of the BBr3:NH3 surface adduct in the ALD mechanism could 

adequately explain the experimental observations. In addition, the kinetics of 

surface-adduct formation and its conversion to -NH2- linkages were simulated 

using a Mathcad code. The results showed a dependence of the adduct surface 

coverage on ammonia partial pressure, in line with the experimental observations. 

Alternative approaches to growing BN from BBr3 and NH3, such as the 

radical assistance and the use of a cold-wall reactor instead of a hot-wall reactor, 

were discussed in Chapter 6. The radical (plasma) assistance led to lower GPC 

values and the occurrence of a pure-B phase, clearly indicating the involvement of 

additional-to-thermal chemical routes. A change of the film growth mechanism 

was suggested. Use of a hot-wire instead of plasma revealed similar results, 

although less pronounced in view of a lower dissociation degree of ammonia by 

HW compared to plasma. The cold-wall reactor enabled studying the reaction 

byproducts, namely NH4Br, which was suggested for differentiating between ALD 

and CVD modes and verifying film-growth mechanism. 
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Chapter 7 discussed growth of BCN and AlBCN films from metalorganic 

precursors. Due to the low temperature required for thermal decomposition of 

triethylborane (TEB, ~250 oC), ammonia was not able to react with a TEB-

terminated surface at such low temperatures and thus provide its efficient 

nitridation. The attempt to enhance this process by activating the surface-adduct 

pathway was unsuccessful since thermal decomposition of TEB still led the 

process. Decomposition suppressed the removal of carbon (of TEB) from the 

layers, which in turn appeared to be beneficial for adding C impurities to BN and 

thus forming BCN. Giving TEB/NH3 and TMA/NH3 super-cycles resulted in 

AlBN or AlBCN compounds, depending on total gas pressure. From XPS, 

appearance of BxC, CyN, pure C as well as stoichiometric AlN and BN phases 

might be speculated, perhaps with some additions of a BxCyNz phase. 

8.2 Recommendations 

The broad experimental work conducted in this thesis provides many 

opportunities for additional research. This will be briefly addressed in this section. 

The formation of surface adducts of BH3:NH3, BBr3:NH3 and TEB:NH3, and 

their conversion to -NH2- linkages is crucial for explaining the film deposition 

mechanism. The adduct occurrence shall be experimentally confirmed or 

disproved by using appropriate surface analysis techniques, such as FTIR and XPS.  

Additional studies are required to verify the application feasibility of the 

materials investigated in this thesis. Concerning the B/BN composites with 

tunable refractive index (Chapter 3), it would be interesting to characterize these 

films in terms of their electronic properties. Can the B/BN lead to bandgap engineering, 

thus opening new routes towards the applications in electronics?  

The plasma assisted depositions from B2H6 and NH3 resulted in hexagonal 

boron nitride films with crystal planes stacked perpendicular to the substrate 

surface (Chapter 4). The high thermal conductivity of BN together with the wide 

bandgap makes it an attractive material for certain applications. Can h-BN 
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outperform the existing gate dielectric materials and be a suitable material for graphene-

based devices? The properties of h-BN can additionally suggest using it as a 

protective layer for EUV pellicles. Further, investigation of substrate effects in relation 

to area selective growth of h-BN can enable many potential applications, and is 

therefore an interesting route to explore.  

The byproduct characterization suggested in Chapter 6 is practically 

attractive for the efficient and fast optimization of deposition processes, and 

scientifically interesting to enable differentiation between ALD and CVD modes 

as well as verification of film-growth mechanism. Exploring this promising 

approach has just been started in this work and can be addressed in a future 

research. 

Deposition of BCN and AlBCN films attempted in Chapter 7 is at the 

beginning stage and will certainly require a continuation. Further experiments are 

needed to shine light on the (co)-existence of phases as well as on structural, optical 

and electrical properties of these films. Practically, the ability to manipulate the 

optical and electronic properties by varying composition and/or chemical bonding 

environments may lead to specific applications in, for example, (opto)electronics.  
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Summary 

This thesis focused on the deposition of B-, C- and N-containing thin films 

from several precursor systems. We explored both pulsed-deposition and ALD 

approaches, with the aim to comparatively understand the growth mechanisms 

and investigate the effects of a variety of activation techniques; namely, thermal-, 

hot-wire- (HW-) and plasma-assistance. Furthermore, this thesis aims to clarify the 

occurrence of various phases in the compounds, and obtain the material 

properties.  

The research started with developing recipes for the deposition of BN 

layers, giving alternating pulses of B2H6 and NH3. The results suggested the multi-

phase (composite) film nature, consisting of pure-B and BN. These films exhibited 

refractive indices (n) strongly dependent on the pure-B fraction. It was found that 

the growth and composition of these layers were strongly dependent on total gas 

pressure (Ptot): enhanced GPC and reduced pure-B were achieved by increasing the 

Ptot. This strong pressure dependence allowed to hypothesize the growth 

mechanism via the surface-adduct reaction pathway analogous to previously 

reported AlN and GaN. Introducing additional means of activation (i.e. HW and 

plasma) affected the growth behavior, film properties and therefore the growth 

mechanism. Plasma-assistance provided near-stoichiometric, crystalline BN film 

at ~300 oC. These insights established the groundwork towards understanding the 

growth via the surface-adduct reaction pathway for the ALD of BN from BBr3 and 

NH3 precursor system. It was shown that, the experimental results could be 

adequately explained by the suggested reaction mechanism. Moreover, the results 

showed the influence of alternative approaches: the occurrence of pure-B phase 

and lower GPC in the case of plasma-assistance indicated the different-from-

thermal growth mechanism. Switching to a cold-wall reactor enabled studying the 

reaction byproducts, which was suggested for differentiating between ALD and 

CVD modes.  
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The deposition of BCN and AlBN layers was subsequently explored from 

TEB and NH3. The results suggested ineffective nitridation of TEB-terminated 

surfaces in thermal deposition mode. Utilizing additional means of activation to 

enable manipulating the composition was unsuccessful due to the low 

temperature required for thermal decomposition of TEB, which dominated the 

process. This, however in turn, appeared to be beneficial for the formation of BCN. 

Giving TEB/NH3 and TMA/NH3 super-cycles resulted in AlBN or AlBCN 

compounds, depending on total gas pressure. 
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Samenvatting 

Dit proefschrift behandelt de depositie van B-, C- en N-bevattende dunne 

films met verschillende precursors. We hebben zowel gepulste depositie als ALD 

technieken onderzocht, met als doel om de groeimechanismen te kunnen 

vergelijken en begrijpen, en om de effecten van een aantal activatietechnieken in 

kaart te brengen, namelijk thermische, hot-wire (HW) en plasma activatie. Verder 

beschrijft dit proefschrift de materiaaleigenschappen en het voorkomen van 

verschillende fasen in de films.  

Het onderzoek begon aanvankelijk met het ontwikkelen van recepten voor 

BN lagen, gebruik makend van afwisselende pulsen van B2H6 en NH3. De 

resultaten duidden de aanwezigheid van meerdere fasen aan, puur B en BN. De 

brekingsindices (n) van deze films waren sterk afhankelijk van de hoeveelheid 

puur B in de films. De groei en samenstelling van deze lagen bleek sterk af te 

hangen van de totale gasdruk (Ptot): een verhoogde GPC en een verlaagde 

hoeveelheid puur B resulteerden door het verhogen van Ptot. Deze sterke 

drukafhankelijkheid heeft geleid tot de hypothese dat in het groeimechanisme 

reacties van oppervlakte-adducten een rol spelen, analoog aan eerder beschreven 

groei van AlN en GaN. Het introduceren van toegevoegde activatiemiddelen (HW 

en plasma) beïnvloedden de groei, de eigenschappen van de films, en dus het 

groeimechanisme. Plasma-assistentie resulteerde in vrijwel stoichiometrisch, 

kristallijn BN bij ~300 oC. Deze inzichten legden de basis voor het begrijpen van 

ALD van BN, gebruik maken van BBr3 en NH3 precursors, via een oppervlakte-

adduct mechanisme. De resultaten van de experimenten konden adequaat worden 

verklaard met dit mechanisme. Ook lieten de resultaten de invloed van 

alternatieve benaderingen zien: Het voorkomen van een puur-B fase en een lagere 

GPC in het geval van plasma-assistentie suggereerden een groeimechanisme 

afwijkend van thermische groei. Overschakelen naar een cold-wall reactor maakte 

het bestuderen van nevenproducten van de reacties mogelijk, hetgeen voorgesteld 

was om onderscheid te kunnen maken tussen ALD en CVD modes. 
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Vervolgens is de depositie van BCN en ALBN lagen bestudeerd, gebruik 

makend van TEB en NH3. De resultaten suggereerden onvolledige nitridatie van 

TEB-getermineerde oppervlakken tijdens thermische depositie. Het gebruiken van 

toegevoegde activatiemiddelen om de samenstelling te manipuleren was niet 

succesvol vanwege de lage temperatuur voor thermische decompositie van TEB, 

waardoor dit laatste het groeiproces domineerde. Dit bleek echter voordelig voor 

het vormen van BCN. Het gebruiken van TEB/NH3 en TMA/NH3 super-cycli 

resulteerde in AlBN of AlBCN verbindingen, afhankelijk van de totale gasdruk.   
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ERRATA for 

“Thermal and Radical Enhanced Atomic Layer Deposition of Films Containing 

Boron, Nitrogen and Carbon” 

PhD Thesis, Ramazan Oğuzhan Apaydın 

March 30th, 2020 

Page 53: typo 

The sentence: 

Namely, for Ptot>1 mbar, the PB2H6 was kept in the range of 10-3-10-2 mbar, 

whereas the PNH3 was changing between 10-2 and 10-1 mbar. 

should instead be: 

Namely, for Ptot>1 mbar, the PB2H6 was kept in the range of 10-2-10-1 mbar, 

whereas the PNH3 was changing between 10-1 and 2 mbar. 
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