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Copper diffusion barriers are necessary to contain copper within 

microelectronics interconnect wiring, preventing copper diffusion to the underlying 

silicon transistors.  Both conducting and insulating copper diffusion barriers are 

used to encapsulate copper wiring, with low resistivity and dielectric constant of 

the barriers, respectively, critical to minimizing the time-delay contributions.  

TaCxNy films deposited from pentakis(dimethylamino)tantalum and methane were 

studied.   Thermal chemical vapor deposition (CVD) at 365 °C resulted in films 

with resistivity > 6000 µΩ·cm due to high-resistivity Ta3N5.  Plasma-enhanced 

CVD films using no methane had the lowest resistivity within this study of 440 

µΩ·cm.  The incorporation of carbon using CH4 increasing the resistivity due to 
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preferential formation of graphitic- vs. carbidic-carbon.  TaCxNy films as thin as 4 

nm were found to be effective copper diffusion barriers.  BCxNy films deposited by 

CVD using dimethylamine borane with ammonia and/or ethylene were 

characterized.  Amorphous films could be deposited with k less than 4 at 360 °C, 

with hardness and modulus of 8.7 GPa and 71.3 GPa, respectively.  BCxNy adhered 

strongly to dielectric films (> 10 J/m2).  BCxNy adhesion to copper surfaces varied 

with surface pretreatment and generally ranged from 1.65 to 5.59 J/m2, with one set 

of samples snapping (strong adhesion).  Adhesion increased with carbon content, x, 

on oxidized copper surfaces.  Adhesion to metallic copper was improved by the π-

bonding character of the B-N bond.  The barrier effectiveness was evaluated using 

bias-temperature stress testing.  BC0.90N0.08 (k of 3.8) deposited using ethylene was 

the most promising boron-based film, having leakage current of 1.12×10-8 A/cm2 at 

0.5 MV/cm and comparable barrier performance to SiC0.76N0.44.  BCxNy barrier 

performance appeared to improve with lower boron content, fewer B-B bonds, and 

increased B-C bonds. 
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Chapter 1 

Introduction 

 

1.1. OVERVIEW 

For almost forty years Moore’s Law has captured the spirit of the 

microelectronics industry’s drive for technological advancement.  In 1965, Gordon 

Moore of Fairchild Semiconductor projected that device components would double 

every year during the ensuing decade [1].  Since then, the microelectronics industry 

has continued to scale down feature sizes and introduce new processing 

technologies to lower device costs and increase computational capability.  In the 

mid-1990s, the industry anticipated material properties of the then-current materials 

would begin limiting device performance as transistor feature sizes shrunk below 

180 nm (e.g. SiO2 gate current leakage, Al wiring resistance, SiO2 interconnect 

capacitance) [2].  This ushered in a new era of materials research for the 

microelectronics industry to investigate many new materials in the search for 

desirable properties and performance. 

An integrated circuit device often contains millions of transistors that are 

fabricated on a silicon substrate.  Each of the transistors is wired to receive and 

send signals in the form of current flow.  The current flow is conducted by the 
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interconnect system, which is comprised of metal wires surrounded by insulating 

material. As the current flows through the interconnect, the resistance of the wire 

and capacitance of the insulator create a resistance-capacitance (RC) time delay, τ.  

Unfortunately, τ scales inversely with feature size reductions.  As feature sizes 

were reduced under 180 nm, τ began affecting the performance of devices using 

aluminum-based wiring and SiO2 insulting material.  

The need to reduce τ led to the implementation of lower resistivity copper-

based wiring into multi-level interconnect schemes for microprocessor and memory 

devices.  Copper was an attractive replacement over aluminum both due to its 

lower resistivity (1.7 vs. 2.7 µΩ·cm) and improved electromigration resistance [3].  

However, the presence of copper in silicon as low as 1013-1014 cm-3 has been 

reported to degrade transistor device performance [4].  A copper diffusion barrier is 

necessary to contain the copper within the wiring structures and prevent copper 

diffusing to the underlying silicon transistors. Illustration 1.1 shows a common 

copper interconnect cross-section with the copper encapsulated using a 

combination of conductive and insulating barriers.  The insulating barrier is 

deposited after each interconnect level has been completed, covering both the 

copper lines and intralayer dielectric, and it provides a foundation that the next 

metal level is fabricated upon.  The conductive barrier, on the other hand, is 
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Illustration 1.1 Cross-section cartoon of two-metal layer copper-based 
interconnect showing the placement of wires, vias (connecting wire levels), 
conductive and insulating barriers, and the interlayer dielectric (ILD). 

Si substrate

ILD

Insulating 
barrier

Cu wire

Cu via

Conductive 
barrier
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deposited immediately before the deposition of the copper, isolating the copper 

from the bulk insulating material. 

To maximize the performance of the interconnect system, the overall wire 

resistance and insulator capacitance are minimized to achieve a lower resistance-

capacitance (RC) time-constant delay.  The wire resistance and insulator 

capacitance create the time delay, τ, that is the product of the resistance and 

capacitance of the interconnect.  Therefore, the conductive barrier and dielectric 

barrier should have a low resistivity and low dielectric constant, respectively. 

Dielectric constant is the intrinsic property of an insulating material that 

indicates the relative amount of electrical charge that the material can contain when 

placed under a bias voltage compared to the case of a vacuum occupying the same 

area.  Equation 1.1 shows the relationship of area (A), distance (d), dielectric 

constant (k), capacitance (C), and permittivity of free space (εo).  Therefore, the 

insulating barrier should have the lowest k possible to minimize τ. 

d
Ak

C oε=      (1.1) 

 Any potential conductive or insulating diffusion barrier must meet many 

performance requirements in addition to excellent barrier properties, including 

thermal and chemical stability, etch selectivity, and adhesion to the other 

interconnect materials [5].  Good adhesion of the insulating barrier to both the 
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interlayer dielectric (ILD) and copper is needed to prevent delamination during 

chemical mechanical polishing (CMP).  Additionally, poor adhesion can contribute 

to higher electromigration of copper at the copper/insulating barrier interface, 

which is a common interconnect reliability failure [6]. 

 

1.2. CURRENT RESEARCH 

1.2.1. Conducting Barriers 

Many materials have been studied as potential candidates for thin copper 

diffusion barriers.  Refractory metal nitrides (e.g. TaN, TiN, WN) have been widely 

studied [7] due to their general properties of high melting point, chemical and 

thermal stability, and low electrical resistance (ρ) [8] that make them suitable as a 

conducting barrier material.  The low ρ is a critical barrier film property so the RC 

delay is minimized.  The semiconductor industry today commonly uses Ta and TaN 

deposited by physical vapor deposition (PVD)/ionized metal plasma (IMP) as a 

copper diffusion barrier [7].  Many techniques have been used (e.g. Auger electron 

spectroscopy [AES], X-ray diffraction [XRD], Secco etching, resistivity, leakage 

current) to study the barrier effectiveness of tantalum nitride against copper 

diffusion [9-11].  However, these studies focused on a relatively thick (50 nm) 
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barrier compared to the ITRS targeted thickness of 5 nm for the 45 nm node 

projected for 2010.   

Alternative barriers to metal nitrides have been considered.  Refractory 

metal carbides have desirable barrier qualities, such as high melting point, low 

resistivity, and thermal and chemical inertness [8].  Wang, et al. [12] have 

investigated TaCx and WCx deposited by PVD on Si (100) and determined Cu 

diffusion barrier failure of 60 nm films at 650 °C after 30 min anneals by AES.  

Sun, et al. [13] deposited WCx by low temperature chemical vapor deposition 

(CVD) from W(CO)6 and C2H4 and found a 7 nm barrier to be effective at 

preventing copper diffusion at 400 °C for 8 hr using secondary ion mass 

spectrometry (SIMS) depth profiling.  Further, Imahori, et al. [14] deposited 5 nm 

TaCx by PVD and determined barrier failure after a 30 min anneal at 700 °C by 

detection of copper silicide formation using XRD.   Studies have deposited TaCxNy 

by metal-organic CVD from pentakisdiethylamino tantalum either as a single 

source precursor [15,16], with ammonia [17], or using ion-assisted CVD [16]; these 

studies deposited 30 to 50 nm films with resistivities ranging from 600 µΩ•cm 

(ion-assisted) to 6000-7000 µΩ•cm (thermal CVD) and found these barriers to be 

effective against copper diffusion for 500 to 600 °C anneals for 1 hr.  
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1.2.2.  Insulating Barriers 

Current manufacturing technology for the insulating diffusion barrier is 

transitioning from plasma enhanced chemical vapor deposited (PECVD) SiNx (k ~ 

7) to PECVD SiCxNy (k ~ 5) and SiCx (k < 5) [18,19] to help achieve the lower 

overall capacitance requirements projected in the ITRS.  Studies to replace silicon 

nitride have focused on PECVD-grown Si-based insulating barriers incorporating 

carbon with or without nitrogen, e.g. SiCxNy:H, SiCx:H [20-22].  Lee et al. studied 

α-SiC:H films deposited by PECVD using 3-methyl-silane with varying carrier gas 

(He, N2, and H2) and found that the degree of methyl group incorporation (Si-

CH3/Si-C ratio determined by infrared spectroscopy) correlated to both lower film 

density and lower dielectric constant, with k ranging from 4.2 to 6.1 [20].  They 

demonstrated that the interline capacitance could be reduced 8% for a 70 nm thick 

barrier of SiC:H (k of 5.05) replacing silicon nitride.  Goto et al. used 4-methyl-

silane with or without NH3 to deposit PECVD SiC:H and SiCN:H films that had k 

as low as 3.9 for SiC:H films and 4.8 for SiCN:H films [21].  Chen et al. studied 

PECVD SiCN:H films using 3-methyl-silane with NH3 deposited at 350 °C and 3 

Torr [22].  They found that incorporating more nitrogen led to lower k (from 4.5 to 

4.34) as the atomic nitrogen content increased from 14.4 to 16.3 %.  These studies 



 8

demonstrate that the incorporation of methyl groups into Si-based films can lead to 

lower density and lower k.   

As discussed earlier, the application performance of potential insulating 

diffusion barriers is a critical.  The four-point bend method has emerged as a 

common technique for measuring thin film interfacial adhesion energy [23-26].  

This method can be applied to determine the critical energy necessary to cause 

debonding, Gc, for Si-based insulating barriers and ILD interfaces.  Studies have 

shown a correlation of higher Gc with the ability of a blanket multilayer film stack 

to withstand the shearing forces of CMP.  Criteria have been reported for Gc 

necessary to endure CMP with no film damage [25-26]  .  

The copper diffusion barrier properties of potential insulating barriers have 

been investigated primarily using electrical test methods.  Although the time 

dependent dielectric breakdown (TDDB) test method had been developed to 

investigate the quality of thin SiO2 films for gate reliability, numerous studies have 

adapted it for investigating the reliability of Si-based copper diffusion barriers [27-

32]  TDDB studies of barrier films use thermal stress and positive bias on a metal-

insulator-semiconductor (MIS) capacitor with a copper gate to provide driving 

forces for positive copper ions to diffuse into the dielectric film.  Raghavan et al. 

investigated silicon dioxide, silicon oxy-nitride, and silicon nitride films for copper 

barrier properties [28].  The authors demonstrated that the incorporation of nitrogen 
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and reduction of oxygen led to improved barrier properties at 150 °C through 

longer times to failure.  Ahrens et al. had similar conclusions comparing the barrier 

properties of silicon dioxide and silicon nitride at 220 °C [29].  More recent studies 

looked at Si-based barriers with k < SiNx incorporating carbon with or without 

nitrogen as a-SiCxNy:H and a-SiCx:H, respectively.  Chiang et al. showed that a 

bilayer barrier of SiCxNy/SiCx had longer TDDB times than a SiCx barrier by itself.   

They concluded that the incorporation of carbon decreased the barrier performance 

[30].  Tsui et al. used comb and serpentine damascene structures for TDDB tests 

and also found that SiNx had better reliability performance compared to SiCxNy, 

with SiCxOy faring much worse [31].  Goto et al. used TDDB tests to show that 

SiCx films could be optimized through film deposition process parameters to 

improve reliability performance [32].  There have been no published TDDB studies 

of alternative insulating diffusion barriers that are not Si-based. 

 

1.3. OBJECTIVE AND OVERVIEW OF CHAPTERS 

The objective of the work presented here is to gain fundamental 

understanding into the properties and performance of copper diffusion barriers.  

The work has focused on TaCN (Chapter 2) and BCN (Chapters 3 through 6) films 

for the investigation of conductive and insulating barriers, respectively.  Chapter 7 
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provides a summary of the contributions of this work and recommendations for 

future related investigations. 

In Chapter 2, the screening of precursors to deposit tantalum carbide by 

CVD is reviewed before presenting the characterization of CVD TaCxNy film.  The 

sublimation behavior and thermal stability were investigated for TaBr5 and 

Cp*Ta(CH3)4 as potential precursors for depositing TaCx, but neither precursor was 

found capable of depositing Ta-containing films using C2H4 as a coreactant at 

deposition temperatures up to 500 °C.  TaCxNy films were deposited from 

pentakis(dimethylamino)tantalum, Ta[N(CH3)2]5, and methane by thermal chemical 

vapor deposition (CVD) at 365 °C and plasma enhanced CVD (PECVD) at 185 to 

245 °C.  Film composition was characterized using in-situ X-ray photoelectron 

spectroscopy.  Electrical resistivities of 6320 to 19600 µΩ•cm were measured for 

thermal CVD films and 440 to 2360 µΩ•cm for PECVD films.  Further, PECVD 

films contained TaC crystallites, and surface roughness decreased from 1.98 to 1.26 

nm with increasing temperature.  Copper diffusion barrier effectiveness was 

evaluated for blanket film structures with copper and barrier films deposited in-situ 

on SiO2.  Secondary ion mass spectrometry depth profiling of annealed samples (8 

hr at 360 °C) with barrier thickness ranging from 4 to 10 nm indicated the barrier 

prevented copper diffusion to SiO2. 
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Chapter 3 introduces BCxNy as a potential alternative insulating diffusion 

barrier to Si-based films.  Amorphous boron carbo-nitride films, BCxNy (0.26 ≤ x ≤ 

0.37, 0.15 ≤ y ≤ 0.25), were deposited on SiO2 from 360 to 500 °C using 

dimethylamine borane [NH(CH3)2:BH3] as a single source precursor.  As the 

substrate temperature increased, the boron content decreased but remained boron 

rich at 500 °C, the bonding between carbon and boron, and nitrogen and boron 

increased, the dielectric constant, k, increased from 4.62 to 4.83 (for 38 to 134 nm 

thick films), the index of refraction increased from 2.069 to 2.226, and the root-

mean-square surface roughness increased from 0.30 nm to 0.53 nm..  A 1.5 µm film 

deposited at 360 °C had a hardness of 12.2 GPa and modulus of 102 GPa.  A 

reaction activation energy of 72 kJ/mol was determined for film growth using 

dimethylamine borane over this temperature range. 

In Chapter 4, the deposition of BCN films using DMAB and coreactant 

gases are investigates as a pathway to a material with k less than 4.  Amorphous 

boron carbo-nitride films, BCxNy (0.05 ≤ x ≤ 1.51, 0.05 ≤ y ≤ 0.67), were deposited 

on SiO2 at 360 °C and 1 Torr using dimethylamine borane [NH(CH3)2:BH3] with 

ammonia and/or ethylene.  The film composition could be controlled by varying the 

flow of ammonia and ethylene.  X-ray photoelectron spectroscopy indicated a 

change in bonding environments, increasing the B-N bonding with the addition of 
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ammonia and increasing B-C and C-C bonding with the addition of ethylene.  The 

film dielectric constant, k, was 4.62 without coreactant, decreased to 4.11 by adding 

ammonia and 3.66 upon adding ethylene.  The index of refraction ranged from 

2.069 to 1.826 with correlation to k depending on the coreactant added.  The root-

mean-square surface roughness ranged from 0.30 nm to 0.65 nm, increasing with 

the use of ethylene.  A 1 µm film deposited at 360 °C using C2H4 had a hardness of 

8.7 GPa and modulus of 71.3 GPa. 

Chapter 5 begins the evaluation of the integration of BCxNy films by 

studying the adhesion to dielectric and copper films.  The interfacial adhesion 

energy was studied using the four-point bend method.  25 nm BCxNy films were 

deposited by chemical vapor deposition at 360 °C and 1 Torr using dimethylamine 

borane with no coreactant,  NH3, or C2H4, producing different composition films 

BC0.37N0.15, BC0.11N0.49, BC0.92N0.07, with dielectric constants of 4.07, 4.24, and 

3.93, respectively.  BCxNy films were deposited on dense and porous dielectrics 

and copper.  BCxNy films adhered strongly to the dielectric films and the composite 

beams snapped before debonding.  The adhesion of BCxNy to copper surfaces 

varied with surface pretreatment and generally ranged from 1.65 to 5.59 J/m2, with 

one set of samples snapping.  Adhesion increased with carbon content, x, on 
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oxidized copper surfaces.  Adhesion to metallic copper was improved by the π-

bonding character of the B-N bond. 

In Chapter 6 presents the characterization of BCxNy copper diffusion barrier 

properties with comparison to PECVD SiC0.76N0.44.   The BCxNy films were 

deposited by chemical vapor deposition at 360 °C and 1 Torr using dimethylamine 

borane with no reaction gas (BC0.37N0.15), NH3 (BC0.19N0.44), or C2H4 (BC0.90N0.08) 

with dielectric constants of 4.07, 4.40, 3.85, respectively.  Barrier films were 

deposited on 7 nm thermal oxide/n-type Si substrates.  The leakage current was 

lowest for the BC0.90N0.08 film, 1.12×10-8 A/cm2 at 0.5 MV/cm, compared to 

5.50×10-9 A/cm2 for SiC0.76N0.44.  Barrier performance was tested using time 

dependent dielectric breakdown with Cu-gate capacitors for time-to-failure at 150 

°C and +2 to 5 MV/cm.  The films deposited using C2H4 displayed barrier 

performance comparable to SiC0.76N0.44 and were noticeably better than BC0.37N0.15 

and BC0.19N0.44.  The BCxNy barrier performance was improved with lower boron 

content, fewer B-B bonds, and increased B-C bonds. 
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Chapter 2 

Chemical Vapor Deposition Growth and Properties of TaCxNy 

 

2.1. INTRODUCTION 

The microelectronics industry is continuously scaling down feature sizes 

and developing new material applications in the pursuit of smaller and faster 

devices.  One focus towards this goal is the implementation of copper into multi-

level interconnect schemes for microprocessor and memory devices.  Copper is an 

attractive replacement to aluminum-based interconnects due to its improved 

electromigration resistance and higher electrical conductivity.  However, the 

presence of copper in silicon as low as 1013-1014 cm-3 has been reported to degrade 

device performance [1].  A copper diffusion barrier is necessary to contain the 

copper within the wiring structures and prevent copper diffusing to the underlying 

silicon transistors.  The International Technology Roadmap for Semiconductors 

(ITRS) projects the need for copper diffusion barriers less than 10 nm thick at the 

100 nm technology node in 2005 and less than 5 nm thick at the 45 nm node in 

2011 [2].  This projected need has provided motivation for researching advanced 

thin copper diffusion barriers that can be scaled to a thickness of less than 5 nm.  
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Many materials have been studied as potential candidates for thin copper 

diffusion barriers.  Refractory metal nitrides (e.g. TaN, TiN, WN) have been widely 

studied [3] due to their general properties of high melting point, chemical and 

thermal stability, and low electrical resistance [4] that make them suitable as a 

conducting barrier material.  The semiconductor industry today commonly uses Ta 

and TaN deposited by physical vapor deposition (PVD)/ionized metal plasma 

(IMP) as a copper diffusion barrier [3].  Many techniques have been used (e.g. 

Auger electron spectroscopy [AES], X-ray diffraction [XRD], Secco etching, 

resistivity, and leakage current) to study the barrier effectiveness of tantalum nitride 

against copper diffusion [5-7].  However, these studies focused on relatively thick 

(50 nm) barriers compared to the ITRS targeted thickness of 5 nm for 2011.   

Refractory metal carbides have desirable barrier qualities, such as high 

melting point, low resistivity, and thermal and chemical inertness [4].  Wang, et al. 

[8] have investigated TaCx and WCx deposited by PVD on Si (100) and determined 

Cu diffusion barrier failure of 60 nm films at 650 °C after 30 min anneals by AES.  

Sun, et al. [9] deposited WCx by low temperature chemical vapor deposition 

(CVD) from W(CO)6 and C2H4 and found a 7 nm barrier to be effective at 

preventing copper diffusion at 400 °C for 8 hr using secondary ion mass 

spectrometry (SIMS) depth profiling.  Further, Imahori, et al. [10] deposited 5 nm 



 
 

19

TaCx by PVD and determined barrier failure after a 30 min anneal at 700 °C by 

detection of copper silicide formation using XRD.  Previous studies have deposited 

TaCxNy by metal-organic CVD from pentakisdiethylamino tantalum either as a 

single source precursor [11, 12], with ammonia [13], or using ion-assisted CVD 

[12]; these studies deposited 30 to 50 nm films with resistivities ranging from 600 

µΩ•cm (ion-assisted) to 6000-7000 µΩ•cm (thermal CVD) and found these barriers 

to be effective against copper diffusion for 500 to 600 °C anneals for 1 hr.  

The study presented here began with screening precursors for the suitability 

of depositing Ta-C containing films, including tantalum bromide (TaBr5), 

pentamethylcyclopentadienyltantalum tetramethyl [Cp*Ta(CH3)4], and 

pentakis(dimethylamino)tantalum [Ta(N(CH3)2)5], PDMATa.  The only precursor 

that was found to be capable of depositing Ta-C containing films with methane 

below 400 °C was PDMATa, which was then used to deposit tantalum-carbo-

nitride (TaCxNy) on SiO2 using thermal CVD and plasma enhanced CVD 

(PECVD).   

 

2.2.  EXPERIMENTAL DETAILS 

The sublimation behavior of Ta precursors was analyzed using chemical 

ionization mass spectroscopy, with methane as the reagent gas used for chemical 
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ionization.  Chemical ionization is a softer ionization process than electron impact 

ionization and tends not to fragment the molecules as they are ionized.  This feature 

is particularly useful when trying to determine if the precursor sublimes intact and 

with the stoichiometry of the liquid or solid compound.  During these experiments 

the precursor is loaded into a capillary tube and this tube is positioned in the inlet to 

a mass spectrometer.  The precursor temperature is increased in steps and a mass 

spectrum is recorded at each temperature.  The plots of total ion intensity versus 

scan number are presented; scan number is not linearly related to temperature or 

time.  The mass spectra collected at each time are also studied to determine if the 

species being ionized have changed chemically with sublimation temperature.   

The thermal stability of Ta-precursors was screened by investigating the 

pyrolytic behavior of the precursors as a function of temperature.  Illustration 2.1 

presents a schematic view of the pyrolysis system.  The thermal stability of 

precursors was analyzed with a system that consists of a mini-bubbler, furnace 

section, HP Model 5973 Mass Selective Detector, mechanical pump, and a 

temperature controlled oven.  The carrier gas is metered into the bubbler with a 

mass flow controller in order to incorporate the sublimed vapor from the precursor.  

In the case where a reactive gas is being used, the carrier/precursor gas mixture will 

then be mixed downstream of the bubbler with the flow from the reactive gas mass 

flow controller.  This final gas mixture will then flow through an insulated 
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Illustration 2.1. System Schematic for Analyzing Precursor Decomposition 
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temperature controlled furnace section for pyrolysis and finally to a mass 

spectrometer for analysis.  All lines are heated to a temperature greater than the 

bubbler to prevent condensation of the precursor vapor.  By varying the furnace 

temperature between 150 and 700 °C, the thermal stability of the precursor can be 

analyzed by following the ionized species at the mass spectrometer, including the 

reactant and pyrolysis products.  In most experiments the temperature is cycled 

between the low and high values and once a reproducible pattern has developed the 

data are collected as the temperature is reduced from the high setting to the low 

setting.  Collecting data in a decreasing temperature phase eliminates the 

appearance of pyrolysis products that have low volatility and would desorb from 

the furnace tubing during an upward thermal cycle.   

Films were deposited by thermal CVD and PECVD in an advanced film 

deposition facility consisting of a load lock, sample transfer system, CVD growth 

chamber, physical vapor deposition (PVD) chamber, and analysis chamber 

equipped with X-ray photoelectron spectroscopy (XPS) [9].  A positive direct 

current plasma was applied to an electrically isolated sample stage during PECVD.  

PDMATa (Schumacher, 99%) was supplied in a quartz bubbler, and is an orange 

solid with vapor pressure of 2 mTorr at room temperature [14].  PDMATa vapor 

was carried to the reactor by ultra high purity (UHP, 99.999%) hydrogen carrier gas 

delivered through a mass flow controller at 36 standard cubic centimeters per 
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minute (sccm).  The reactive gas mixture of 10% UHP methane in UHP argon was 

also delivered through a mass flow controller.  Reactive gases were mixed with the 

H2/PDMATa gas stream at the reactor doser approximately 4 cm above the 

substrate surface to minimize gas phase reactions while allowing uniform gas 

mixing at the substrate surface.   

Samples were analyzed in-situ by XPS using a Physical Electronics 5500 

system at a 56.7 eV pass energy.  Ion sputtering used argon ions energized at 2kV 

rastered over a 3 mm × 3 mm area for 60 s.  SEM analysis used a LEO 1530 

electron microscope.  Sheet resistance was measured using an in-house four point 

probe with tip spacings of 1.1 mm.  X-ray diffraction was characterized with a 

Phillips automated vertical scanning general purpose diffractometer.  Barrier 

effectiveness was evaluated using 2.25 cm × 2.25 cm blanket test structures with 25 

nm PVD Cu/CVD TaCxNy deposited in-situ on SiO2/Si(100) substrate.  The oxide 

substrate was annealed in-situ to minimize surface contamination.  Each test 

structure was cleaved in half with one half analyzed as-deposited and the other half 

annealed in a quartz vacuum furnace at 360°C for 8 hr at ~67 Pa using 50 sccm of 

forming gas (1% UHP H2/N2).  Immediately prior to SIMS analysis the copper 

layer on each structure was etched using Transene Copper Etch 200.  SIMS 

analysis was conducted with a Physical Electronics ADEPT-1010 SIMS system 
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using Cs+ bombardment at an impact energy of 1000 eV and 60° angle of 

incidence. 

 

2.3.  RESULTS AND DISCUSSION 

2.3.1 Precursor Selection 

 Table 2.1 lists the Ta precursors and their properties [15, 16] that were 

screened for CVD of tantalum carbo-nitride with an upper deposition temperature 

limit of 400 °C.  The sublimation behavior of TaBr5 and Cp*Ta(CH3)4 was studied 

using chemical ionization mass spectroscopy, with methane as the reagent gas used 

for chemical ionization.  The sublimation behavior of TaBr5 is presented in Figure 

2.1 showing the normalized total mass ionization signal for TaBr5 sublimation.  

The sequential scans were continuously taken with the sample temperature 

increased when the total counts began decreasing. The total mass signal ionization 

plot reveals two peaks, one at scan 20 corresponding to 162 °C and a second at scan 

54 corresponding to 187 °C.  The mass spectra (not shown) for the low temperature 

peak between 160 °C and 175 °C are consistent with TaBr5 and the mass spectra 

above 185 °C (not shown) suggest the presence of TaBr5 and TaBr6.  Based on 

these results the compound was maintained at 80 °C during subsequent pyrolysis 
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Table 2.1.  Summary of Ta precursors screened and their properties [14, 15] 
 
Precursor Color and Form Formula 

Weight 
M.P. Vapor Pressure 

Cp*Ta(Me)4 Orange-brown solid 376 g/mol Unknown Unknown 
TaBr5 Yellow powder 580.5 g/mol 265°C Unknown 
Ta[N(CH3)2]5 Orange crystalline 

solid 
401.3 g/mol > 150°C 100mtorr/100°C 
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Figure 2.1.  Normalized total mass ionization signal for TaBr5 sublimation using 
chemical ionization mass spectroscopy with methane as the reagent gas.  The 
sequential scans were continuously taken with the sample temperature increased 
when the total counts began decreasing.  The two peak features occur at 162 °C 
(scan 20) and 187 °C (scan 54). 
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and film growth studies to prevent the solid-state reaction in the TaBr5 observed 

above 185 °C. 

The sublimation behavior of Cp*Ta(CH3)4 using chemical ionization mass 

spectroscopy is presented in Figure 2.2.  There are two temperature ranges, from 40 

°C (scan 27) to 90 °C (scan 96) and from 120 °C (scan 125) and above, that lead to 

significant precursor sublimation.  Based on this result pyrolysis and film 

deposition experiments were conducted with the precursor held at 60 °C.  However, 

it was noted during film growth experiments that the precursor color would darken 

if it was maintained at 60 °C for extended times.  Although this was not clearly 

indicated by the chemical ionization mass spectroscopy results, the film growth 

observation suggests Cp*Ta(CH3)4 undergoes a noticeable solid-state change 

temperature as lows as 60 °C. 

The pyrolytic thermal stability of TaBr5 vapor was tested on the pyrolysis 

system between 250 and 700 °C (noting again that spectra were acquired during the 

downward thermal cycle).  The precursor was kept at 80 °C and delivered using 

helium at 20 sccm.  Experiments were performed with and without ethylene 

reactive gas (20% UHP C2H4 mixture in Ar)  delivered at 10 sccm.  If the C2H4 

mixture was not used then 10 sccm Ar was additionally delivered to maintain a 

constant gas flow rate through the pyrolysis tube so that the TaBr5 partial pressure 
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Figure 2.2.  Normalized total mass ionization signal for Cp*Ta(CH3)4 sublimation 
using chemical ionization mass spectroscopy with methane as the reagent gas.  The 
sequential scans were continuously taken with the sample temperature increased 
when the total counts began decreasing.  The key peak features occur at  40 °C 
(scan 27), 90 °C (scan 96), and 120 °C (scan 125). 



 
 

29

and residence time would be the same with different gas flows.  The study of TaBr5 

decomposition using mass spectroscopy provides limited insight because only 

mass-to-charge ratio (m/z) signals associated with ethylene and the isotopes of HBr 

(50.7% Br79, 49.3% Br81) were observed.  Significant dissociation of the Br ligand 

began to occur around 500 °C with no reactive gas (Figure 2.3).  It is most likely 

that the HBr formation occurred as a result of background H2 and H2O in the 

system that is present despite baking of the system to minimize background 

outgassing.  For the study of TaBr5 with ethylene, Figure 2.4 illustrates there is only 

a very slight shift in the pattern of Br dissociation as a function of temperature as 

suggested by the presence of HBr with m/z of 80 and 82.  Furthermore, the 

ethylene signal decrease above 500 °C is likely indicative of the reaction of 

ethylene with the furnace surface which would result in the deposition of carbon on 

the pyrolysis furnace walls.  This thermal stability analysis demonstrates that TaBr5 

is unreactive, with temperatures greater than 500 °C required to dissociate the Br 

ligands for reaction of Ta with a Ta surface.   

The thermal stability of pentamethylcyclopentadienyltantalum tetramethyl 

[Cp*Ta(CH3)4] was tested between 115 and 500 °C.  The precursor was kept at 60 

°C and delivered using helium at 10 sccm.  Experiments were performed without 

reactive gas. The study of Cp*Ta(CH3)4 thermal stability (Figure 2.5) suggests the 
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Mass Spectrum of Furnace Products for TaBr5 with No Reactive Gas
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Figure 2.3.  Pyrolytic decomposition of TaBr5 with no reaction gas showing the 
counts from the two isotopes of HBr (50.7% Br79, 49.3% Br81) with m/z 80 and 82 
as a function of pyrolytic tube temperature. 
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Mass Spectrum of Furnace Products for TaBr5 with C2H4
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Figure 2.4.  Pyrolytic decomposition of TaBr5 with ethylene reaction gas showing 
the counts from HBr (m/z 80 and 82) and C2H4 parent species (m/z 27 and 28) as a 
function of pyrolytic tube temperature. 
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Mass Spectrum of Furnace Products for Cp*Ta(CH3)4
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Figure 2.5.  Pyrolytic decomposition of Cp*Ta(CH3)4 without a reactive gas 
showing the change in selected m/z counts as a function of pyrolytic tube 
temperature. 
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compound is reactive with the pyrolytic tube surface above 210 °C.  Between 135 

and 200 °C the precursor undergoes thermal decomposition and by 200 °C the Ta-

bearing ion signals (m/z 377, 361) have completely attenuated.  Between 200 and 

335 °C the mass signals related to the pentamethylcyclopentadienyl ligand 

pyrolysis product, most likely pentamethylcyclopentadiene and 

pentamethylcylcopentane, undergo several changes.  Recall the temperature is 

decreasing during the actual experiment.  At the highest temperatures these 

products are likely undergoing secondary pyrolysis reactions on the furnace walls.  

As the temperature decreases these secondary pyrolysis reactions decrease and the 

signals should increase.  However, the products appear to be condensing on the 

tubing surface and this causes the Cp* pyrolysis product signals to decrease with 

the temperature dropping from about 300 and 200 °C.  This thermal stability 

analysis indicates that Cp*Ta(CH3)4 will fully react in an inert environment at 

temperatures exceeding 210 °C.   

The precursor pentakis(dimethylamino)tantalum (PDMATa) was not 

screened prior to using for thermal CVD of Ta-based films since the precursor had 

a suitable reported vapor pressure of 2 mTorr at room temperature [14] and 

temperature programmed desorption studies of PDMATa on Ni foil indicated that 

Ta could be deposited since C-N and Ta-N bonds were broken above 550 K [16].  
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Previous studies have also reported using PDMATa to deposit Ta2O5 as low as 400 

°C for high-k gate application [17], as well as a similar precursor, 

pentakis(diethylamino)tantalum, was used to deposited Ta-based films at similar 

temperature [11-13].   

 

2.3.2.  Thermal CVD of TaCxNy Films 

Thermal CVD film experiments on SiO2 using either TaBr5 or Cp*Ta(CH3)4 

precursors with C2H4 as a coreactant did not yield any film growth at deposition 

temperatures up to 500 °C.  The parameter space of varying carrier gas and reactive 

gas flow rates at a substrate temperature of 500 °C still did not yield film growth 

with either of these two precursors.   In the case of TaBr5, films could be deposited 

using NH3 as a coreactant at 500 °C that were highly insulating and most likely 

Ta3N5.  These film deposition experiments were ended and the final precursor of 

PDMATa was investigated to deposit Ta-C containing films. 

Tantalum carbo-nitride films deposited from PDMATa by thermal CVD, 

with and without methane, were investigated briefly and abandoned in favor of 

PECVD grown films with lower resistivity.  Thermal CVD films deposited on SiO2 

at 365 °C and 27 Pa had resistivity values of 20,000 µΩ•cm without CH4 and 6,300 

µΩ•cm with 6.5 sccm CH4, with compositions of TaC0.56N0.40 and TaC0.57N0.35, 
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respectively.  Oxygen concentration levels were ~ 14 atomic (at.) %.  The 

introduction of methane led to a lower nitrogen content and slightly higher carbon 

content.  Figure 2.6 shows the high-resolution N 1s XP spectra for the two films, 

with the main figure including the contributing individual peaks and the original 

spectra placed in the inset.  The nitrogen chemical states were determined by peak 

fitting individual peaks to the overall signal using PeakFit software.  The individual 

peaks were fit after first subtracting a quadratic baseline, using reference films for 

peak dimensions (i.e. Ta 4p3/2 from PVD Ta and N 1s from BN samples).  The N 1s 

peaks were Gaussian distributions with FWHM of 1.8 eV.  The N 1s peak fitting 

was complicated by accounting for the signal overlap with the higher binding 

energy Ta 4p3/2 signal and the resulting contributions from Ta 4p3/2 peaks 

associated with tantalum nitride, tantalum carbide, and tantalum oxide states (401 – 

405 eV with FWHM of 5.6 eV).  It was determined that two nitrogen chemical 

states dominate in TaCxNy as Ta3N5 and TaN, with respective binding energies of 

397.0 eV and 397.6 eV.  The N 1s electron in TaN exhibits a higher binding energy 

than Ta3N5 since the electron density is lower for N in TaN; this is due to TaN 

having a bond that is metallic in nature compared to a covalent bond in Ta3N5 with 

N being more electronegative.  Also, these identified N 1s binding energies agree 

with reported values of 396.9 eV ± 0.2 eV in Ta3N5 [18] and 397.5 eV in TaN [19].
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Figure 2.6.  N 1s XP spectra of TaCxNy films deposited by thermal CVD at 
365 °C on SiO2 with individual peak contributions fitted to the overall 
signal for: a) without methane and b) with 6.5 sccm methane.   
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The C 1s spectra (not shown) also used the peak fitting method to determine 

the individual peak contributions.  The C signal was referenced to a carbon sample, 

and fitted using the criteria of a FWHM of 1.80 eV with a Lorentzian-Gaussian 

distribution.  The films contained carbidic and graphitic chemical states, with 

binding energies occurring at 282.6 eV and 284.5 eV, respectively.  These binding 

energies are consistent with literature for C 1s in graphite [20] and TaC [19,21]. 

The significant difference in observed film resistivity is primarily attributed 

to the change in nitrogen chemical states and secondarily to the change in 

composition.  The N 1s spectra in Figure 2.6 show a slight shift to a higher binding 

energy for the TaCxNy film deposited with methane.  The inset for N 1s more 

clearly shows the shift to higher binding energy is caused by an increase in the 

higher binding energy TaN chemical state relative to the Ta3N5 chemical state.   

This shift in chemical states contributes to a lower film resistivity because bulk 

TaN has a lower resistivity (180 µΩ•cm) [4] compared to insulating Ta3N5 (106 

µΩ•cm) [18].  Also, the introduction of methane depressed the nitrogen content and 

slightly increased the carbon content (with negligible effects on the relative 

graphitic and carbidic C 1s chemical states).  This too would lower the resistivity 

since either carbon chemical state has a lower resistivity than these overall film 
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resistivities; graphite has a resistivity of 1375 µΩ•cm [22] and TaC has ρ of 22 

µΩ•cm [4].   

A constant deposition rate of approximately 1 nm/min was observed for 

thermal CVD films deposited both with and without methane.  The films are 

amorphous based on cross-sectional SEM imaging and XRD (Fig. 2.7a). 

 

2.3.3.  Plasma Enhanced CVD Of TaCxNy Films 

After determining that thermal CVD of TaCxNy from PDMATa resulted in 

relatively high resistivity films for copper barrier applications, we investigated 

plasma-enhanced CVD (PECVD) as an alternative deposition process.  PECVD 

was used to increase the reactivity of the tantalum precursor to facilitate the 

deposition of TaN versus Ta3N5, and to promote the generation of Ta-C bonds.  

The films deposited by PECVD on SiO2 at 225 °C and 27 Pa had deposition rates 

varying from 0.38 nm/min to 1.07 nm/min with increasing methane flow as 

summarized in Table 2.2.  The introduction of methane resulted in PECVD films 

with increased C content and decreased Ta and N content.  This effect on the 

carbon content is shown by the C 1s XP spectra in Figure 2.8.  Figure 2.8 shows the 

individual peak contributions based on peak fitting (using the same approach as 

detailed in the previous section) with the original spectra shown in the inset.  
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Figure 2.7.  XRD spectra for a) 117 nm film deposited by thermal CVD, 365 °C, 
with no reactive gas b) 156 nm film deposited by PECVD, 225 °C, with 1.3 sccm 
CH4.  The proportional intensities for crystalline TaC are shown at the figure 
bottom.  The sharp crystalline peaks observed for the films are from the silicon 
substrate due to diffractometer source radiation from: A) CuKα, B) WLβ, and C) 
CuKβ. 
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Table 2.2.  Summary of deposition rate, atomic concentration, and film resistivity 
for TaCxNy films deposited by PECVD from PDMATa with varying levels of 
methane.  
 

 Deposition Atomic Composition (%)  
CH4 Flow Rate Ta C N O Resistivity 

(sccm) (nm/min)     (µΩ·cm) 
none 0.38 53.7 16.9 21.9 7.5 440 

0.8 0.65 43.4 34.0 12.8 9.9 780 

1.3 0.87 42.5 40.7 11.4 5.4 980 

2.8 1.07 32.6 56.9 5.4 5.1 2360 
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Figure 2.8.  C 1s XP spectra of TaCxNy films deposited by PECVD at 225 °C on 
SiO2 with individual peak contributions fitted to the overall signal for: a) without 
methane and b) with 0.8 sccm CH4.   
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Spectrum 2.8a shows C 1s without methane, and spectrum 3b shows C 1s resulting 

from 0.8 sccm of methane.  The film with methane clearly has a larger overall 

carbon signal and an increased shoulder at 284.5 eV.  Although both graphitic and 

carbidic states increase, the fitted peaks show a higher ratio of graphitic carbon 

(284.5 eV) compared to carbidic carbon (282.7 eV) for the film with methane.  This 

increase in the graphitic:carbidic chemical states for carbon causes an increase in 

the film resistivity.  This general trend had also been observed in separate 

experiments using ethylene as a carbon source.  Therefore, we were not able to find 

a reaction pathway to increase the carbidic chemical state for carbon without 

disproportionately increasing the higher resistivity graphitic chemical state.  The 

lowest resistivity film (ρ ~ 440 µΩ•cm) deposited using TDMATa was by PECVD 

with no reactive gas.   

The effect of substrate temperature on composition, surface roughness, and 

step coverage was evaluated for PECVD films deposited at 185, 225, and 245 °C.  

Substrate temperature did not significantly effect atomic composition.  However, 

the surface roughness of the films measured by atomic force microscopy (AFM) 

over a 1 µm × 1 µm area decreased from root mean square (RMS) values of 1.98 to 

1.26 nm with increasing temperature.  The three samples each had similar surface 

topologies, as represented by the AFM image shown in Figure 2.9 for the film
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Figure 2.9.  AFM surface profile for PECVD TaCxNy deposited on SiO2 at 245 °C.  
This film exhibits a RMS roughness of 1.26 nm for a non-contact mode scan over 1 
µm × 1 µm. 
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 deposited at 245 °C.  The observed surface roughness trend suggests that the 

adsorbed species are able to move on the surface, becoming more mobile with 

higher substrate temperatures.  Films were deposited on patterned oxide substrates 

to evaluate step coverage on 0.18 µm features with nominal aspect ratio of 5:1.  

Film thickness measurements made using transmission electron microscopy (TEM) 

determined that step coverage was not dependent on temperature within the range 

tested.  The average sidewall thickness was 37 ± 3% of the field (top) thickness and 

via bottom thickness was 16 ± 7% of the field thickness.  Figure 2.10 shows a low 

resolution TEM image for PECVD TaCxNy deposited at 225 °C in a 0.18 µm via.  

The TaCxNy film on this sample had a field thickness of 20.2 nm, sidewall 

thickness of 7.6 nm, and via bottom thickness of 4.2 nm.  It should be noted that 

deposition conditions were not optimized to improve the step coverage.  Finally, 

spectrum 2.7b shows the X-ray diffraction spectrum for a 156 nm PECVD TaCxNy 

film deposited at 225 °C using 1.3 sccm of CH4.  The relative intensities for TaC 

crystalline phases [23] are shown at the bottom of the figure.  The presence of 3.5 ± 

1.4 nm TaC crystallites are suggested based on line width calculations using the 

broad peak at 2Θ of 32.9°. 
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Figure 2.10.  Low magnification cross-sectional TEM image of PECVD TaCxNy 
deposited at 225 °C showing step coverage on a 0.18 µm via with nominal 5:1 
aspect ratio.    
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2.3.4.  PECVD TaCxNy as a Copper Diffusion Barrier 

Barrier effectiveness was evaluated using secondary ion mass spectrometry 

(SIMS) depth profiling on blanket film structures of Cu/barrier/SiO2/Si.  The 

structures were analyzed both as deposited (before annealing) and after annealing at 

360 °C at ~67 Pa for 8 hr in a 1% H2/N2 environment.  The SIMS depth profile was 

used to determine if Cu had diffused through the barrier by comparing the 

attenuation of the CsCu+ signal with the signals associated with the barrier (CsTa+ 

and CsC+).  The general limit of the detection sensitivity using dynamic SIMS 

analysis is typically on the order of parts-per-million, or 1015 - 1016 cm-3 [24]. A 

preliminary set of experiments indicated that the removal of the 25 nm copper over 

layer by wet etching immediately before testing reduced the knock-in effect 

associated with SIMS analysis.   The knock-in effect was reduced by minimizing 

copper on the surface that could be knocked further into the sample during the 

sputtering process.  Consequently, samples were pre-etched to remove the copper 

overlayer prior to SIMS analysis on further experiments.   

Tantalum carbo-nitride films deposited by PECVD with and without 

methane at 225 °C on SiO2 were analyzed for barrier effectiveness.  Two 

TaC0.96N0.27 blanket films (ρbulk of 980 µΩ•cm) of 3.8 and 8.9 nm were deposited 

using 1.3 sccm CH4; two TaC0.31N0.41 blanket films (ρbulk of 440 µΩ•cm) of 5.6 and 
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10.0 nm were deposited without CH4.  Each of these films was capped in-situ with 

25.5 nm PVD copper to create the final barrier test structure.  Figure 2.11 shows a 

high resolution cross-sectional TEM image of the annealed 5.6 nm TaC0.31N0.41 

barrier sandwiched between copper and SiO2.  The TEM image shows a barrier 

film thickness of 5.6 nm (the annotation showing a thickness of 7.9 nm is attributed 

to sample preparation).   These films were SIMS depth profiled both as-deposited 

and after anneal.  The results showed that the copper did not diffuse past the barrier 

film into the SiO2 within the sensitivity of the SIMS analysis technique.  Figure 

2.12 shows SIMS depth profile spectra for a 5.6 nm TaC0.31N0.41 film.  The SIMS 

profiles are confounded by the Cs+ ion knock-in effects, which tend to broaden 

profiles.  For both the as-deposited and annealed samples, the attenuation of the 

CsCu+ signal occurs at ~100 s of sputtering compared to ~180-230 s of sputtering 

for the CsTa+ and CsC+ signals associated with the barrier film.  The attenuation of 

the CsCu+ signal in the annealed sample appears slightly broader compared to the 

as-deposited sample, indicating that Cu may have partially diffused into the 

tantalum carbo-nitride film during the anneal.  However, the clear attenuation of the 

CsCu+ signal before the attenuation of the barrier signals shows the barrier film was 

an effective diffusion barrier under the applied annealing conditions within the 

sensitivity of the SIMS analysis.   
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Figure 2.11.  High-resolution cross-sectional TEM image of copper diffusion 
film structure for 5.6 nm TaC0.31N0.38 film deposited by PECVD on SiO2 at 225 °C 
without methane with PVD copper over layer. 
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Figure 2.12.  SIMS depth profile of copper diffusion film structures (with Cu 
etched prior to analysis) for 5.6 nm TaC0.31N0.38 film deposited by PECVD, 225 °C, 
with no reactive gas showing a) as deposited and b) after 8 hr. anneal at 360 °C in 
1% H2/N2 ambient.  The inset in a) shows the experimental film structure. 
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2.4.  SUMMARY 

The sublimation behavior and thermal stability were investigated for TaBr5 

and Cp*Ta(CH3)4 as potential precursors for depositing TaCx.  The analysis of 

TaBr5 indicated the precursor itself underwent a solid-state chemical change above 

185 °C and TaBr5 vapor is unreactive with C2H4 up to 500 °C, with temperatures 

greater than 500°C required to dissociate the Br ligands.  The study of Cp*Ta(CH3)4 

showed that the precursor underwent a chemical change above 120 °C, although 

observation during film growth experiments suggested the precursor could undergo 

chemical change as low as 60 °C.  The Cp*Ta(CH3)4 vapor was observed to fully 

react in an inert environment at temperatures exceeding 210 °C.  However, neither 

TaBr5 or Cp*Ta(CH3)4 precursors were found to be capable of depositing Ta-

containing films using C2H4 as a coreactant at deposition temperatures up to 500 

°C. 

A process for depositing TaCxNy on SiO2 with substrate temperatures less 

than 400 °C was developed using plasma enhanced CVD with 

pentakis(dimethylamino)tantalum as either a sole source precursor or with methane 

as a reactive gas.  The electrical resistivity was minimized for films deposited by 

PECVD at 225 °C by using no methane (440 µΩ•cm to 2400 µΩ•cm in this study).  

The use of methane as a reactive gas increased both the overall carbon content and 
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ratio of graphitic:carbidic chemical states resulting in higher film resistivity.  

Deposition by thermal CVD at 365 °C resulted in films with substantially higher 

resistivity (6300 µΩ•cm to 20000 µΩ•cm) attributed to the preferential deposition 

of tantalum in the +5 oxidation state as high resistivity Ta3N5 versus TaN.  Barrier 

effectiveness was evaluated for PECVD TaCxNy films using SIMS depth profiling 

on blanket film structures of Cu/barrier/SiO2/Si.  These results indicated that 4 nm 

to 10 nm TaCxNy films were effective copper diffusion barriers during the applied 

annealing conditions (8 hr at 360 °C in H2/N2 ambient). 
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Chapter 3 

CVD of BCxNy on SiO2 Using Dimethylamine Borane 

 

3.1. INTRODUCTION 

The microelectronics industry is continuously scaling down feature sizes 

and developing new material applications in the pursuit of smaller and faster 

devices as outlined in the International Technology Roadmap for Semiconductors 

(ITRS) [1].  Copper has been implemented as the interconnect metal since it offers 

improved electromigration resistance and higher electrical conductivity versus 

aluminum-based interconnects.  However, diffusion barriers are necessary to 

contain the copper within the wiring structures and prevent copper from diffusing 

to the underlying silicon transistors where device performance will be degraded [2].  

The copper diffusion barrier system used in dual damascene processing is a 

combination of conductive and insulating barrier materials [3].  Among the many 

integration requirements for the insulating diffusion barriers, the ideal barrier 

should have a low dielectric constant, k, enabling the lowest possible overall 

capacitance when integrated into the interconnect design to minimize the RC time 

delay.  Current manufacturing technology for the insulating diffusion barrier is 

transitioning from plasma enhanced chemical vapor deposited (PECVD) SiNx (k ~ 
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7) to PECVD SiCxNy (k ~ 5) and SiCx (k < 5) to help achieve the lower overall 

capacitance requirements projected in the ITRS [4,5]. 

CVD boron carbo-nitride films are potential candidates for helping to 

achieve the ITRS projections for reducing the effective k since there have been 

several studies that report films having k less than 5 and as low as 3.1.  Different 

reaction chemistries have previously been investigated, including halides, diborane, 

and organic boron source precursors.  Boron carbo-nitride films deposited using 

halide-based boron precursors have been reported to exhibit poor film stability and 

adhesion.  Sana, et al. observed poor adhesion to silica and sapphire for films 

deposited by CVD using BCl3 and NH3 for substrate temperatures less than 900 °C 

[6].  Motojima, et al. deposited films with similar reactants from 250 to 700 °C and 

found films were stable only with depositions above 600 °C [7].  Ishihara, et al. 

identified a process using B2H6 and HN3 that deposited boron nitride films on 

silicon from 375 – 475 °C with a k less than 4 [8].  However, this process is 

dangerous since diborane is toxic and hydrogen azide is explosive.  Ramanuja 

reported boron carbo-nitride films with k as low as 3.1 using triethylamine borane 

complex (TEAB) and NH3 at 575 °C [9].  As the NH3/TEAB flow ratio was 

increased k lowered from 4.8 to 3.1.  The research presented here characterizes the 

growth and properties of a candidate boron carbo-nitride film with k ranging from 



 
 

56

4.6 to 4.8 deposited by CVD from 360 to 500 °C using a single source precursor, 

dimethylamine borane complex. 

 

3.2.  EXPERIMENTAL DETAILS 

Films were deposited by thermal CVD in a deposition facility consisting of 

a load lock, sample transfer system, CVD growth chamber, and analysis chamber 

equipped with X-ray photoelectron spectroscopy (XPS) as described in Chapter 2 

and elsewhere [10].  Dimethylamine borane complex [NH(CH3)2:BH3] (DMAB) 

from Strem Chemicals, Inc. (97% purity) was delivered to the reactor by ultra high 

purity (UHP, 99.999%) Ar carrier gas delivered through a mass flow controller.  A 

stainless steel bubbler was charged with 50 g of the DMAB and was held at 27 °C 

during deposition experiments.  DMAB is a moisture sensitive, white crystalline 

solid with a melting point of 36 °C, which is a hazardous compound due to the 

potential for release of toxic dimethylamine vapor [11,12].   

The vapor pressure of DMAB was experimentally determined from 30 to 60 

°C.  A small vessel was charged with ~ 1 g of DMAB and connected to a fixed 

volume system equipped with a capacitance manometer and vacuum pumps.  After 

the system reached constant temperature the vapor pressure was measured (Table 
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3.1).  These data were fit to the Clausius-Clapeyron relationship shown in Equation 

3.1 [13],  

B
RT
H

p v +
∆

−=

∧

ln      (3.1) 

The fit of the data resulted in a 
∧

∆ vH  of 71.3 ± 4.6 kJ/mol and B of 33.0 ± 1.8 and 

this lends to ~ 80 mTorr at 27 °C, the precursor temperature used for these film 

deposition experiments. 

Films were deposited on 7.1 nm thick thermal SiO2 grown on 200 mm n-

type Si wafers cleaved to obtain 2.2 cm × 2.2 cm squares that were mounted on a 

stainless steel sample holder.  Substrates were cleaned prior to film deposition by 

sequentially using acetone, ethanol, and deionized water.  The oxide substrates 

were then annealed at the deposition temperature for 15 min under vacuum.  

Samples were analyzed in-situ by X-ray photoelectron spectroscopy (XPS) using a 

Physical Electronics 5500 system at a 56.7 eV pass energy.  Scanning electron 

microscopy (SEM) analysis used a LEO 1530 electron microscope.  X-ray 

diffraction (XRD) was performed with a Phillips automated vertical scanning 

general purpose diffractometer.  Surface roughness measurements were taken on a 

TM Microscopes AutoProbe CPR atomic force microscope (AFM) on 500 nm × 

500 nm scanned areas in non-contact mode using a 1 Hz scan rate.  
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Table 3.1.  Measured vapor pressure of dimethylamine borane. 
 

Temperature 
(°C) 

Vapor Pressure 
(mTorr) 

30.3 112 ± 23 
40.2 268 ± 35 
50.5 666 ± 10 
60.6 1422 ± 149 
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Metal-insulator-metal (MIM) test structures were created using a SSM 

495CV Hg probe.  The capacitance-voltage characteristics of the MIM device 

were measured using a probe tip area, AMIM, of ~ 3.5×10-3 cm2 (calibrated using a 

SiO2 standard) at a frequency of 100 kHz.  The total average MIM device 

capacitance in accumulation mode (Cacc) was determined from multiple scans on 

each sample.  Samples were mounted on aluminum discs (6 inch) using silver paste 

to enable analysis of the small sample squares on a tool designed for larger 

samples.  The valid measurement of Cacc using this mounting technique was 

verified by comparing the measurement of a calibrated SiO2 film on a 200 mm Si 

wafer to the measurement of a mounted cleaved wafer piece from a similar 200 mm 

wafer.  The boron carbo-nitride film thickness (dBCN) was determined using a two 

parameter Cauchy film model on spectroscopic ellipsometry (SE) results collected 

at 70° and 75° on a J. A. Woollam VASE instrument (either an M2000-D or M-

44 model).  Since the MIM device represents two capacitors (Coxide and CBCN) in 

series, the dielectric constant of the boron carbo-nitride (kBCN) film was calculated 

using Equation 3.2, 

1
11

−









−=

oxideaccMIM

BCN
BCN CCA

dk
ε

     (3.2) 
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with ε being the permittivity of free space.  Boron carbo-nitride films deposited at 

thicknesses ranging from 20 to 130 nm were used to confirm the k results, with no 

thickness dependence observed. 

 

3.3.  RESULTS AND DISCUSSION 

Films were deposited by CVD using DMAB as a single source precursor on 

thermal SiO2 over a temperature range of 360 to 500 °C at 1 Torr to investigate the 

effect of substrate temperature on film deposition and properties.  The argon carrier 

gas flow rate was held constant through the DMAB bubbler at 10 standard cubic 

cm per min (sccm).  Table 3.2 shows the film composition measured in-situ using 

XPS for different deposition temperatures and the resulting dielectric constant (k) 

and index of refraction (n).  As the temperature increased, the boron concentration 

decreased while both the nitrogen and carbon increased.  Oxygen was under 3 

atomic (at) % in the films, decreasing with temperature.  Figure 3.1 shows the 

survey XP spectra indicating the change in relative concentrations with deposition 

temperature.  Films had stoichiometric compositions of BC0.26N0.15 at 360 °C, 

BC0.37N0.17 at 420 °C, and BC0.37N0.25 at 500 °C.  Increasing from 360 to 420 °C 

mainly increased the C:B ratio from 0.26 to 0.37, whereas increasing from 420 to 

500 °C mainly increased the N:B ratio from 0.17 to 0.25.  
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Table 3.2.  Summary of atomic composition, index of refraction (n), and dielectric 
constant (k) for films deposited on SiO2 using DMAB without reactive gas at 
varying substrate temperatures (°C). 
 
 

°C % B % C % N % O n k 
360 69.4 17.8 10.5 2.3 2.069 4.62 ± 0.03 
420 64.5 23.8 10.8 0.9 2.172 4.65 ± 0.03 
500 61.6 22.5 15.5 0.4 2.226 4.83 ± 0.03 
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Figure 3.1.  XP survey spectra of BCxNy films deposited at 1 Torr on SiO2 using DMAB 
at (a) 360, (b) 420, and (c) 500 °C. 
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Figure 3.2 shows high-resolution XP spectra of boron (B 1s), carbon (C 1s), 

and nitrogen (N 1s) for films deposited at substrate temperatures of 360, 420, and 

500 °C.  The XP signal for each species has been fit with Gaussian peaks using 

FWHM calibrated from reference samples of BN for B 1s (2.1 eV) and N 1s (1.8 

eV) and PVD TaCx for C 1s (1.8 eV).  The fitted peaks illustrate the shift in 

bonding environment within the film as the substrate temperature changes.  The B 

1s peak shifts to higher binding energy (BE) as the temperature increases, with the 

shift corresponding to a change in chemical states from predominantly B-B 

bonding (188.3 eV) at 360 °C to higher levels of B-C (189.3 eV) and B-N (190.4 

eV) bonding.  These BE positions are comparable to previously published XPS 

studies of B-C-N films [14,15].  Consistent with the overall composition changes, 

these spectra illustrate increases in B-C and B-N bonding at 420 and 500 °C, 

respectively.  The C 1s spectra show that the C-C (284.5 eV) bonding state 

increases with temperature, while the C-N (286.1 eV) bonding state decreases with 

temperature, particularly at 500 °C.   

The manner by which DMAB adsorbs on the growth surface and B, C and 

N incorporate was not revealed in these studies.  Based on studies over Si(100), one 

can expect dimethylamine to dissociatively adsorb with scission of the N-CH3 and 

N-H bonds to form adsorbed monomethylamino, H and dimethylamino, and methyl 
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Figure 3.2.  XP spectra of B 1s, C 1s, and N 1s for films deposited at 1 Torr on SiO2 
using DMAB at (a) 360, (b) 420, and (c) 500.  Individual peak contributions are fitted to 
the overall XP signal with bonding indicated for the fitted peaks.  
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groups [16].  Dehydrogenation reactions and the evolution of adsorbed H atoms as 

H2 would then lead to adsorbed HCN from adsorbed monomethylamino that might 

desorb or remain on the surface and incorporate into the film.  Similarly, 

dehydrogenation of adsorbed methyl is another pathway for C incorporation into 

the BCN film, with the relative amounts of HCN and C incorporation changing 

with temperature.  Adsorbed dimethylamino groups have been shown to undergo β-

hydride elimination on Si(100) [16], GaAs(100)-(4×6) [17] and GaSb(100)-(3×1) 

[18] surfaces and desorb as N-methylmethanimine (CH3N=CH2), and to desorb 

from GaAs(100) and GaSb(100) directly as the dimethylamino radical; again the 

relative dehydrogenation and desorption reaction rates depend on the temperature.  

The relative composition and bonding changes revealed in Figures 3.1 and 3.2 

suggest different reaction channels for DMAB and its adsorbed form(s) leading to 

different adsorbed reactive groups at different temperatures and in turn affecting 

the relative incorporation and bonding of B, C and N into the film.   

Table 3.2 shows the dependence of k and n with deposition temperature.  k 

increased from 4.62 at 360 °C to 4.83 at 500 °C, with n (recorded at 633 nm) also 

increasing with temperature from 2.069 to 2.226.  Figure 3.3 illustrates the 

dependence of k and n on temperature, with the inset showing the corresponding 

change in film composition over the same temperature range.  The polynomial fit 
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Figure 3.3.  The dielectric constant, k, and index of refraction, n, shown as a 
function of temperature from 360 to 500 °C.  The polynomial line fitted for k is 
presented as a guide to viewing the results.  The inset shows the corresponding 
change in atomic composition for boron, carbon, and nitrogen. 
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of k shows an asymptotic approach at lower temperatures.  The results suggest that 

further lowering the deposition temperature will not further reduce k below the ~ 

4.6 measured at 360 °C.  The increase in k and n with increasing temperature may 

be attributed to a lowering of molar volume that would result in higher 

polarizability of the film.  Other studies have observed the trend of increasing 

dielectric constant and index of refraction with increasing temperature for boron 

carbo-nitride films [19,20].  Sugino et al. observed an increase in k with 

temperature (2.8 to 4.9 over a range of 390 to 650 °C) for films deposited by 

PECVD using BCl3/N2/CH4, while Gelatos et al. observed an increasing n with 

higher temperature (1.695 to 1.785 over a range of 200 to 400 °C) with a 

decreasing k (from 5.7 to 4.4 for the same range) for PECVD films using 

B2H6/NH3.   

Figure 3.4 shows the XRD results for BCxNy films deposited at 360 and 500 

°C along with the 7 nm SiO2 on Si substrate.  Both the 38 nm BC0.26N0.15 film 

deposited at 360 °C (Fig. 3.4b) and the 134 nm BC0.37N0.25 film deposited at 500 °C 

(Fig. 3.4c) show no sharp or broad crystalline peaks other than belonging to the Si 

substrate.  The proportional intensities of crystalline h-BN [21] and B4C [22] are 

shown for comparison.  The featureless spectra indicate that the film is amorphous.  

Film surface roughness measured using AFM indicated the root-mean-square 
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Figure 3.4.  XRD spectra of (a) 7.1 nm SiO2/Si substrate, (b) 38 nm film deposited 
at 360 °C, and (c) 134 nm film deposited at 500 °C.  The peaks and proportional 
intensities for crystalline B4C and h-BN are shown for comparison at the figure 
bottom. 
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(RMS) surface roughness increased with temperature.  The AFM results are 

summarized in Table 3.3, showing the RMS roughness increasing from 0.31 to 0.53 

nm with the deposition temperature increasing from 360 to 500 °C.  Figure 3.5 

shows the surface profile of a film deposited at 360 °C.  An approximately 1.5 µm 

boron carbo-nitride film deposited on Si at 360 °C was measured using 

nanoindentation to determine the film hardness and modulus.  The hardness was 

measured as 12.2 GPa and the modulus was 102 GPa.  These values are similar to 

the 12.2 GPa hardness and 91.7 GPa modulus reported for an amorphous silicon 

carbo-nitride film deposited at 350 °C by PECVD using trimethylsilane/NH3/He 

chemistry with a 300 W rf plasma [23]. 

The deposition temperature had a significant effect on the film deposition 

rate.  The deposition rate was 0.34 nm/min at 360 °C, 1.5 nm/min at 420 °C, and 

4.1 nm/min at 500 °C.  Using an Arrhenius relationship for the temperature 

dependence of the deposition rate, an activation energy (Ea) of 72 kJ/mol over the 

temperature range of 360 to 500 °C is calculated for the growth of BCxNy films 

using dimethylamine borane.  
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Table 3.3.  Summary of AFM surface roughness for films deposited at 1 Torr on 
SiO2 using DMAB with varying substrate temperature (T) showing film thickness 
(d), root-mean-square roughness (RMS), average roughness (Ra), average 
measurement height (Havg), and maximum measurement height (Hmax). 
 
 

T 
(°C) 

d  
(nm) 

RMS 
(nm) 

Ra 
(nm) 

Havg 
(nm) 

Hmax 
(nm) 

360 38 0.31 0.24 1.07 2.56 
420 52 0.44 0.34 1.70 4.47 
500 42 0.53 0.42 1.69 4.89 
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Figure 3.5.  AFM surface profile for CVD BC0.26N0.15 film deposited at 1 Torr on 
SiO2 at 360 °C using DMAB.  The film has a RMS surface roughness of 0.31 nm 
measured using non-contact mode for a 500 × 500 nm area. 
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3.4.  SUMMARY 

A potential boron carbo-nitride insulating copper diffusion barrier has been 

explored for advanced interconnect materials.  Films deposited by CVD on SiO2 at 

1 Torr using dimethylamine borane were found to be amorphous using substrate 

temperatures ranging from 360 to 500 °C.  The film composition showed a 

decrease in boron with increasing temperature, still remaining boron rich at 360 °C.  

The dielectric constant, k, of the films ranged from 4.62 to 4.83, increasing with 

temperature.  The dielectric constant appears to asymptotically approach the lower 

range, suggesting it would be unlikely that k will reduce significantly further using 

a lower temperature.  The index of refraction increased correspondingly with k, 

ranging from 2.069 to 2.226.  These films had surface roughness ranging from 0.30 

nm to 0.53 nm, increasing with temperature.  A 1.5 µm film deposited at 360 °C 

had a hardness of 12.2 GPa and modulus of 102 GPa.  A reaction activation energy 

of 71.7 kJ/mol was determined for growth from dimethylamine borane. 
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Chapter 4 

CVD BCxNy Using Dimethylamine Borane with NH3 and C2H4 

 

4.1. INTRODUCTION 

The microelectronics industry continues to shrink transistor dimensions to 

create smaller and faster devices that can be manufactured at a lower cost.  As 

device speeds have increased with feature sizes less than 0.18 µm, the resistance-

capacitance time delay (τ) contribution from the interconnect wiring has become a 

factor in overall device performance since τ scales inversely to transistor size [1].  

The replacement of aluminum alloys with copper has reduced τ since it has a higher 

conductivity; Cu also improves electromigration performance [2].  Effective 

conductive and insulting diffusion barriers are needed to encapsulate the copper 

wiring and prevent its diffusion to the underlying transistors [3].  The standard 

insulating diffusion barrier has been silicon nitride formed by plasma-enhanced 

chemical vapor deposition (PECVD) [4].  The dielectric constant, k, of the bulk 

insulator is being reduced from a k of ~ 3.5 using fluorinated silicate glass to less 

than 3 using organosilicate glass.  Therefore, the silicon nitride diffusion barrier, 

with a k of ~ 7, increases the effective k (keff) and in turn increases τ [5].   
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Developing an insulating copper diffusion barrier with k less than silicon 

nitride would be attractive as one means to lower keff.  Martin et al. demonstrated 

this by showing that keff decreased 9% by substituting a 50 nm barrier with k of ~ 7 

(silicon nitride) with a barrier having k of ~ 5 (silicon carbo-nitride) [6].  Studies to 

replace silicon nitride have focused on PECVD-grown Si-based insulating barriers 

incorporating carbon with or without nitrogen, e.g. SiCxNy:H, SiCx:H [7-9].  Lee et 

al. studied α-SiC:H films deposited by PECVD using 3-methyl-silane with varying 

carrier gas (He, N2, and H2) and found that the degree of methyl group 

incorporation (Si-CH3/Si-C ratio determined by infrared spectroscopy) correlated to 

both lower film density and lower dielectric constant, with k ranging from 4.2 to 

6.1 [7].  They demonstrated that the interline capacitance could be reduced 8% for a 

70 nm thick barrier of SiC:H (k of 5.05) replacing silicon nitride.  Goto et al. used 

4-methyl-silane with or without NH3 to deposit PECVD SiC:H and SiCN:H films 

that had k as low as 3.9 for SiC:H films and 4.8 for SiCN:H films [8].  Chen et al. 

studied PECVD SiCN:H films using 3-methyl-silane with NH3 deposited at 350 °C 

and 3 Torr [9].  They found that incorporating more nitrogen led to lower k (from 

4.5 to 4.34) as the atomic nitrogen content increased from 14.4 to 16.3 %.  These 

studies demonstrate that the incorporation of methyl groups into Si-based films can 

lead to lower density and lower k.   
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Boron-based films are potential alternatives to Si-based insulating diffusion 

barriers.  B-based films deposited by CVD and PECVD having k less than 5 and as 

low as 3.1 have been reported [10-12].  Ishihara et al. deposited boron nitride films 

with k less than 4 using a mixture of B2H6 and HN3 [10].  However, this process is 

hazardous since diborane is toxic and hydrogen azide is explosive.  Ramanuja 

deposited boron carbo-nitride films with k as low as 3.1 using a mixture of 

triethylamine borane complex and NH3 at 575 °C and found that k decreased from 

4.8 to 3.1 with higher NH3 flow [11].  Our recent work investigated the deposition 

of boron carbo-nitride films by thermal CVD using dimethylamine borane complex 

[NH(CH3)2:BH3] (DMAB) as a single source precursor [12].  Films were deposited 

at 1 Torr on SiO2 using DMAB with Ar carrier gas.  Varying the substrate 

temperature from 360 to 500 °C increased k from 4.62 to 4.83, the change in k 

likely the result of increased film density.  The present work investigates the effects 

of increasing the nitrogen and carbon film content by adding NH3 and C2H4, 

respectively, as coreactants. 

 

4.2.  EXPERIMENTAL DETAILS 

Films were deposited by thermal CVD in a facility consisting of a load lock, 

sample transfer system, CVD growth chamber, and analysis chamber, the latter 
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equipped with X-ray photoelectron spectroscopy (XPS), as described in Chapter 2 

and elsewhere [13].  Dimethylamine borane complex [NH(CH3)2:BH3] (DMAB) 

from Strem Chemicals, Inc. (97% purity) was delivered to the reactor using ultra 

high purity (UHP, 99.999%) Ar carrier gas flowing through a stainless steel 

bubbler charged with 50 g of DMAB and held at 27 °C.  DMAB is a white 

crystalline solid and is hazardous due to the potential for exposure to 

dimethylamine vapor [14].  DMAB has a melting point of 36 °C and a vapor 

pressure of 80 mTorr at 27 °C [12,15].  To minimize gas phase reactions, UHP NH3 

and C2H4 (99.9%) coreactant gases were delivered to the CVD showerhead and 

mixed with DMAB/Ar at a location 4 cm above the heated substrate.   

Films were deposited on a 2.2 × 2.2 cm substrate cleaved from a 200 mm 

Si(100) wafer covered with 7.1 nm of thermal SiO2 mounted on a stainless steel 

sample holder.  Substrates were cleaned prior to mounting by sequentially rinsing 

for 30 s each with acetone, ethanol, and deionized water.  The substrates were then 

annealed at the deposition temperature under vacuum to minimize surface 

contamination.   

Samples were analyzed in-situ using a Physical Electronics 5500 X-ray 

photoelectron spectroscopy (XPS) system with a 56.7 eV pass energy.  Ex-situ 

scanning electron microscopy (SEM) analysis used a LEO 1530 electron 
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microscope.  X-ray diffraction (XRD) was performed with a Phillips automated 

vertical scanning general purpose diffractometer.  Surface roughness measurements 

were taken on a TM Microscopes AutoProbe CPR atomic force microscope 

(AFM) on 500 × 500 nm areas in non-contact mode using a 1 Hz scan rate.  

Temporary metal-insulator-metal (MIM) test structures were created using a SSM 

495CV Hg probe with a typical probe tip area of  3.5 × 10-3 cm2.  Details of the 

capacitance-voltage testing using the Hg probe are reported elsewhere [12].  The 

boron carbo-nitride film thickness was calculated using a two parameter Cauchy 

film model and spectroscopic ellipsometry (SE) results collected at 70° and 75° on 

a J. A. Woollam VASE instrument (either model M2000-D or M-44).   

 

4.3.  RESULTS AND DISCUSSION 

4.3.1 Deposition with NH3 Coreactant 

To study the effect of NH3 as a co-reactant gas, boron carbo-nitride films 

were deposited by CVD on thermal SiO2 at 360 °C and 1 Torr.  The ratio of 

NH3:Ar carrier gas was varied from 0 to 10 and Table 4.1 summarizes the resulting 

% composition, k, n and RMS roughness.  The Ar carrier gas flow was constant at 

10 standard cubic cm per min (sccm) for all process conditions except the highest 

NH3:Ar ratio, where the Ar flow was reduced to 3 sccm.  As the NH3:Ar ratio 
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Table 4.1.  Summary of atomic composition (%), dielectric constant (k), index of 
refraction (n), and RMS roughness (RMS) for films deposited at 1 Torr and 360 °C 
on SiO2 using DMAB with varying NH3 coreactant flow. 
 

NH3:Ar NH3 
(sccm)  % B % N % C % O k n RMS 

(nm) 

0 none BC0.26N0.15 69.4 10.5 17.8 2.3 4.62 ± 0.03 2.069 0.31 

0.04 0.4 BC0.14N0.34 67.0 22.6 9.3 1.1 4.51 ± 0.02 2.005 0.30 

0.1 1 BC0.11N0.42 65.0 27.2 7.0 0.9 4.45 ± 0.02 1.968 - 

1 10 BC0.05N0.58 61.1 35.7 2.8 0.5 4.32 ± 0.02 1.893 0.36 

10 30 BC0.09N0.67 56.8 37.9 5.2 0.1 4.10 ± 0.01 1.826 - 
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increased, the nitrogen content increased mainly at the expense of carbon, but with 

some loss of boron.  The N:B ratio increased from 0.15 with no NH3 to 0.67 at the 

highest NH3:Ar ratio of 10.  The deposition rate increased from 0.34 nm/min with 

no NH3 to 0.60 nm/min as the NH3:Ar ratio increased to either 0.04 or 0.1.  

However, the deposition rate decreased with further increases dropping to 0.49 

nm/min for a ratio of 1.0 and to 0.18 nm/min for a ratio of 10.  The decreased 

deposition rate at higher NH3 flow rates suggests that the rate becomes limited by 

the DMAB flux and that higher NH3 flow reduces the DMAB concentration at the 

surface. 

Figure 4.1 shows the XP survey spectra of films deposited for four NH3:Ar 

ratios.  As the NH3:Ar ratio increases, the C 1s peak attenuates and B 1s peak 

decreases while the N 1s peak increases.   Figure 4.2 shows the analogous high 

resolution XP spectra for the B 1s, N 1s, and C 1s regions.  Each spectrum was fit 

(thin lines) using PeakFit software to reveal constituent bonding environment 

contributions.  The fitting process used Gaussian peaks with fixed full width half 

maximums (FWHM) calibrated using reference samples of BN for B 1s (2.1 eV) 

and N 1s (1.8 eV) and PVD TaCx for C 1s (1.8 eV).   

The assigned positions for the fitted bonding environments are consistent 

with previous studies of boron carbo-nitride films [16,17].  The incorporation of 

nitrogen by introducing NH3 during film growth shifts the B 1s peak to higher 
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Figure 4.1.  XP survey spectra of BCxNy films deposited at 1 Torr on SiO2 
using DMAB and varying NH3 coreactant flow at (a) 0, (b) 0.4, (c) 1, and 
(d) 10 sccm. 
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Figure 4.2.  XP spectra of B 1s, C1s, and N 1s regions for films deposited at 1 Torr on 
SiO2 using DMAB and varying NH3 flow at (a) 0, (b) 1, and (c) 10 sccm.  Individual 
peak contributions are fitted to the overall XP signal with bonding indicated for the fitted 
peaks.  The assigned bonding environment peak positions are as follows: B-B (188.3 eV), 
B-C (189.3 eV), B-N (190.4 eV), C-B (283.1 eV), C-C (284.5 eV), C-N (286.1 eV), N-B 
(398.1 eV), N-C (400.4 eV).16,17 
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binding energy (BE).  The shift to higher BE indicates increased number of B-N 

bonds (190.4 eV) and decreased numbers of B-C (189.3 eV) and B-B (188.3 eV) 

bonds.  As expected, the corresponding N 1s peak displays a large increase in  the 

N-B peak at 398.1 eV.  The C 1s region indicates that the overall concentration 

decreases, but there is little change in the average carbon chemical environment.   

The introduction of nitrogen into the films using NH3 reduced k.  Table 4.1 

shows k decreasing from 4.62 with no ammonia flow to 4.10 at the highest NH3:Ar 

ratio.  The value of n (633 nm) decreased as well from 2.069 with no NH3 to 1.826 

with the highest NH3:Ar ratio.  This result indicates that further increasing the NH3 

flow relative to the carrier gas should result in even lower k values, but at the 

expense of the deposition rate.  The decrease in k with the addition of NH3 is 

attributed to changes in film stoichiometry as boron is displaced by nitrogen and 

decreases in the overall atomic density.  It is possible that ammonia replaces 

hydrogen bonded to boron with –NH2 ligands.  The substitution of the larger NH2 

ligand could lead to a higher molar volume, decreasing the film polarizability 

through higher void volume.  Similar conclusions on the reduction of k by ligand 

group substitution have been reported for α-SiC:H films deposited using 3-methyl-

silane [7]. 

Boron carbo-nitride films deposited using ammonia are amorphous.  Figure 

4.3b shows the XRD spectra for a 67 nm thick film deposited using an NH3:Ar 
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Figure 4.3.  XRD spectra of (a) 7.1 nm SiO2/Si substrate, (b) 67 nm BC0.05N0.58 
film deposited using 10 sccm NH3 as coreactant, and (c) 40 nm BC0.94N0.32 film 
deposited using 10 sccm NH3 and 2.5 sccm C2H4 as coreactants.  The peaks and 
proportional intensities for crystalline B4C and h-BN are shown at the figure 
bottom for reference.18,19 
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ratio of 1.0.  This spectrum shows no evidence of crystalline order.  Further 

analysis used high-resolution transmission electron microscopy (TEM) and selected 

area electron diffraction (SAED) to examine a 49 nm thick film deposited using an 

NH3:Ar ratio of 0.1.  Both confirmed the amorphous microstructure.  Figure 4.4a 

shows a TEM image of the only area found with lattice fringes indicating short 

range order within the film.  The lattice fringes exhibited a d-spacing of 3.23 Å 

over 12 fringes.  The closest published d-spacing containing boron, carbon, and/or 

nitrogen is h-BN (002) with a d-spacing of 3.34 Å [19].  Figure 4.4b shows the 

SAED pattern that indicates an amorphous microstructure since no diffraction 

pattern is discernable.  

 The RMS surface roughness (Table 4.1) ranged from 0.30 to 0.36 nm, with 

the higher value correlated with the higher NH3:Ar ratio.  Figure 4.5a shows the 

non-contact AFM surface image for a 38 nm BC0.26N0.15 film deposited at 360 °C 

using DMAB with no coreactant.  The surface has a RMS roughness of 0.36 nm 

with a Z-scale variation of 2.65 nm.  The film appears smooth with a uniform 

surface topology.  Figure 4.5b shows a 50 nm BC0.05N0.58 film deposited using a 

NH3:Ar ratio of 10.  The RMS surface roughness is 0.36 nm with a Z-scale 

variation of 3.4 nm.  Overall, the RMS roughness measurements exhibit no clear 

trend with NH3:Ar ratio. 
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Figure 4.4.  Electron microscopy analysis of 49 nm BC0.05N0.58 film deposited on 
SiO2 at 360 °C using DMAB and 10 sccm NH3 as coreactant for (a) high-
resolution 500 kX cross-sectional TEM image, with the circled region 
highlighting identified lattice fringes and (b) SAED image taken at 300X. 
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Figure 4.5.  AFM surface profile collected using non-contact mode at 1 Hz for 500 nm 
× 500 nm area on BCxNy films deposited at 1 Torr on SiO2 at 360 °C using DMAB and 
(a) no coreactant, (b) 10 sccm NH3 coreactant, (c) 10 sccm NH3 and 2.5 sccm C2H4 as 
coreactants, and (d) 0.050 ratio of C2H4 coreactant to Ar carrier gas.   
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4.3.2.  Deposition with NH3 and C2H4 Coreactants 

Films with k less than 4 were deposited at 360 °C and 1 Torr on SiO2 by 

introducing C2H4 with both NH3 and Ar carrier flow each held constant at 10 sccm.  

Table 4.2 shows that k drops from 4.32 with no C2H4 to 3.67 with 2.5 sccm C2H4.  

The introduction of C2H4 led to C incorporation with a C:B ratio of 0.94 using 2.5 

sccm C2H4 and 1.51 using 20 sccm C2H4.  Carbon from C2H4 is more readily 

incorporated than nitrogen from NH3.  As observed for NH3, increasing the C2H4 

flow led to lower deposition rates.  C2H4 delivered at 0.5 and 2.5 sccm lowered the 

deposition rate to 0.23 and 0.08 nm/min, respectively, compared to 0.34 nm/min 

with no C2H4.  Clearly, the C2H4 coreactant has a more dramatic effect on lowering 

the deposition rate than NH3.  While this study did not reveal the surface reaction 

kinetics, DMAB adsorption is likely limited due to competing surface adsorption 

with ethylene. 

Figure 4.6 shows XP survey spectra of films deposited with increasing C2H4 

flow.  As the C2H4 flow is increased, the C 1s peak increases while the B 1s peak 

and N 1s peaks attenuate.   Table 4.2 shows the stoichiometric composition of the 

resulting films.  It is interesting to note that as carbon is incorporated and C:B 

ratios of 0.65 to 1.51 are achieved, the N:B ratio is nearly constant at 0.32.  Figure 

4.7 shows the high resolution XP spectra for B 1s, N 1s, and C 1s regions for films 

deposited with increasing C2H4 flow.  The B 1s spectra indicate that the 
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Table 4.2.  Summary of atomic composition (%), dielectric constant (k), index of 
refraction (n), and RMS roughness (RMS) for films deposited at 1 Torr and 360 °C 
on SiO2 using DMAB, 10 sccm NH3 coreactant, and varying C2H4 coreactant.  
 

sccm 
C2H4 

 % B % N % C % O k n RMS 
(nm) 

0 BC0.05N0.58 61.1 35.7 2.8 0.5 4.32 ± 
0.02 1.893 0.36 

0.5 BC0.65N0.34 50.0 16.8 32.7 0.4 3.80 ± 
0.03 1.859 0.59 

2.5 BC0.94N0.32 44.0 14.4 41.3 0.3 3.67 ± 
0.08 1.838 0.65 

20 BC1.51N0.32 35.4 11.2 53.3 - - - - 

 



 
 

91

 

10

8

6

4

2

0

In
te

ns
ity

 (a
rb

. u
ni

ts
)

600 400 200 0
Binding Energy (eV)

B

N

CO
(a)

(b)

(c)

 

Figure 4.6.  XP survey spectra of BCxNy films deposited at 1 Torr on SiO2 using 
DMAB, 10 sccm NH3 coreactant and varying C2H4 coreactant at (a) 0, (b) 0.5, and 
(c) 2.5 sccm. 
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Figure 4.7.  XP spectra of B 1s, C1s, and N 1s regions for films deposited at 1 Torr on 
SiO2 using DMAB, 10 sccm NH3 coreactant and varying C2H4 coreactant at (a) 0, (b) 0.5, 
and (c) 2.5 sccm.  Individual peak contributions are fitted to the overall XP signal with 
bonding indicated for the fitted peaks.  
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introduction of C2H4 leads to more B-C bonds accompanied by fewer B-N and B-B 

bonds.  The C 1s spectra show the expected increase of C-B and C-C bonds as the 

C2H4 flow rate is increased.  The N 1s spectra indicate fewer N-B bonds.  It is 

interesting to note that the N 1s region indicates a decrease in N-C bonding as C2H4 

flow is increased.  Somewhat contrary to our intuition, this result suggests that the 

measured  N-C intensity originates with the N-C bonds in the dimethylamine 

precursor and not the NH3 and C2H4 coreactants.  As a result of the higher C 

content and lower B content, k decreases with increasing C2H4 flow.  Incorporation 

of C using ethylene is plausibly reducing k by further reducing the atomic density 

with –C2Hx and –CHx ligands, and increasing the density of C-C bonds that are 

non-polar. 

Films deposited using both NH3 and C2H4 as coreactant gases appeared 

amorphous.  Figure 4.3c shows the amorphous XRD spectrum for a 40 nm 

BC0.94N0.32 film deposited using 10 sccm NH3 and 2.5 sccm C2H4.  Table 4.2 

includes the RMS surface roughness of films grown with varying C2H4 flow.  The 

introduction of C2H4 with NH3 as a coreactant led to rougher films, increasing from 

0.36 nm with no C2H4 flow to 0.59 and 0.65 nm using 0.5 and 2.5 sccm C2H4, 

respectively.  Figure 4.5c shows the AFM surface profile for the higher C2H4 flow 

with a RMS roughness of 0.65 nm with a Z-scale variation of 5.34 nm.  The surface 
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topology shows an increase in both the height variation and sharpness of the peaks 

compared to the other surfaces. 

 

4.3.3.  Deposition with C2H4 Coreactant 

To understand whether using C2H4 as a coreactant without NH3 had a 

similar affect on k, films were deposited by flowing C2H4 at 0.5 sccm and varying 

the Ar carrier gas flow rate to vary the C2H4:Ar flow ratio.  Table 4.3 summarizes 

the % composition, k, n, and roughness results for films deposited by varying the 

C2H4:Ar ratio.  Evidently C is more readily incorporated into the film in the 

absence of NH3, achieving a higher % C for a comparable C2H4:Ar ratio (44.7 % 

compared to 32.7 % C with 0.5 sccm C2H4 and 10 sccm NH3).  At the lower 

C2H4:Ar ratio of 0.017, a C:B ratio of 0.63 is achieved and results in a k of 3.68.  

Increasing the C2H4:Ar ratio to 0.050 increased the C:B ratio to 0.86 but did not 

reduce k measurably (3.66).   

Figure 4.8 shows the XP survey spectra of films deposited with increasing 

C2H4:Ar flow ratio (without NH3).  As the C2H4:Ar ratio is increased, the C 1s peak 

increases relative to the B 1s peak and the N 1s peak attenuates.   Table 4.3 shows 

the atomic composition of the resulting films shifts to higher C:B ratio (increasing 

from 0.26 to 0.86) over the process range, and lower N:B ratio (to 0.05).  Figure 4.9 

shows the high resolution XP spectra for B 1s, N 1s, and C 1s regions for films 
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Table 4.3.  Summary of atomic composition (%), dielectric constant (k), index of 
refraction (n), and RMS roughness (RMS) for films deposited at 1 Torr and 360 °C 
on SiO2 using varying C2H4:Ar flow ratio.  
 

C2H4:Ar C2H4 
sccm  % B % N % C % O k n RMS 

(nm) 

0 0 BC0.26N0.15 69.4 10.5 17.8 2.3 4.62 ± 0.03 2.069 0.31 

0.017 0.5 BC0.63N0.06 58.5 3.8 37.1 0.6 3.68 1.927 0.45 

0.050 0.5 BC0.86N0.05 52.2 2.5 44.7 0.7 3.66 ± 0.05 1.887 0.36 
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Figure 4.8.  XP survey spectra of BCxNy films deposited at 1 Torr on SiO2 using 
varying C2H4:Ar flow ratio at (a) 0, (b) 0.017, and (c) 0.050. 
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Figure 4.9.  XP spectra of B 1s, C1s, and N 1s regions for films deposited at 1 Torr on 
SiO2 using varying C2H4:Ar flow ratio at (a) 0, (b) 0.017, and (c) 0.050.  Individual peak 
contributions are fitted to the overall XP signal with bonding indicated for the fitted 
peaks.  
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deposited with increasing C2H4 flow.  As the C2H4:Ar ratio increases, the B 1s 

spectra show increased intensity of the B-C bonding environment and decreased 

intensity of B-N and B-B bonding.  The C 1s spectra intensify in the C-C compared 

to C-B region.  The N 1s spectra indicate the overall nitrogen content is decreasing.  

Compared to increasing C2H4 with 10 sccm NH3 (Fig. 7), increasing the C2H4:Ar 

ratio led to films that had less B-C intensity and increased B-B and C-C intensity.  

Although k decreased with the introduction of C2H4, the change between the 

different C2H4:Ar ratios was nominal.  It is likely that the change to higher Ar 

carrier gas flow (for lower C2H4:Ar ratio) led to higher molar volumes in the film 

so that despite changes in composition and bonding environment a comparable k 

resulted. 

Table 4.3 includes the RMS roughness of films.  The introduction of C2H4 

as a coreactant led to rougher films compared with no coreactant (Fig. 4.5a).  

Figure 4.5d shows the AFM surface profile for the higher C2H4:Ar ratio with a 

RMS roughness of 0.36 nm and a Z-scale of 2.84 nm.  The surface topology 

appears to be uniform with broader peaks compared to the other surfaces.  An ~ 1 

µm boron carbo-nitride film deposited on Si at 360 °C using 0.5 sccm C2H4 

coreactant was measured using nanoindentation to determine the film hardness and 

modulus.  The hardness was measured as 8.7 GPa and the modulus was 71.3 GPa.  

These values are lower than measured for a boron carbo-nitride film deposited with 
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no coreactant, with a hardness of 12.2 GPa and modulus of 102 GPa.  The values 

for the film with no coreactant are similar to the 12.2 GPa hardness and 91.7 GPa 

modulus reported for an amorphous silicon carbo-nitride film deposited at 350 °C 

by PECVD using trimethylsilane/NH3/He chemistry with a 300 W rf plasma [20].  

However, it appears that that addition of C2H4 lowers the mechanical strength of 

the boron carbo-nitride films. 

 

4.4.  SUMMARY 

Amorphous boron carbo-nitride films, BCxNy (0.05 ≤ x ≤ 1.51, 0.05 ≤ y ≤ 

0.67), were deposited on SiO2 at 360 °C and 1 Torr using dimethylamine borane 

[NH(CH3)2:BH3] with ammonia and/or ethylene as coreactants.  The film 

composition was controlled over a wide stoichiometric range by varying the flow 

of ammonia and/or ethylene.  X-ray photoelectron spectroscopy indicated the 

bonding environment could also be influenced by the choice of coreactants: using 

NH3 led to an increase of B-N bonding, using C2H4 with NH3 led to higher B-C and 

C-C bonding, and using C2H4 favored the formation of C-C over C-B bonding.  

The film dielectric constant, k, was 4.62 without coreactant, decreased to 4.11 by 

adding ammonia and 3.66 upon adding ethylene.  The index of refraction ranged 

from 2.069 to 1.826 and correlated to k for a given set of coreactants.  The addition 
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of C2H4 as a coreactant led to lower k but higher n compared to films using NH3.  

XRD and TEM analysis indicated these films were amorphous.  The root mean 

square surface roughness measured using AFM ranged from 0.30 nm to 0.65 nm, 

with rougher films obtained when C2H4 was used as a coreactant.  A 1 µm film 

deposited at 360 °C using C2H4 had a hardness of 8.7 GPa and modulus of 71.3 

GPa.     
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Chapter 5 

Adhesion of CVD BCxNy to Dielectric and Copper Films 

 

5.1.  INTRODUCTION 

The semiconductor industry is investigating many new materials to improve 

device performance, including low-k dielectrics and diffusion barriers to reduce the 

resistance-capacitance delay associated with copper-based interconnects [1].  Boron 

carbo-nitride (BCxNy) is a potential new insulating diffusion barrier; films with 

dielectric constant (k) less than 4 can be deposited by thermal chemical vapor 

deposition (CVD) at 360 °C [2].  Current Si-based insulating barrier films (silicon 

nitride, silicon carbo-nitride, and silicon carbide) are deposited by plasma enhanced 

CVD (PECVD), with k ranging from 4 to 7 [3-6].  A thermal CVD process is 

expected to be less damaging than a PECVD process to the more fragile porous 

ultra-low-k (ULK) films (k < 2.4) [7].  Any new insulating diffusion barrier must 

meet many requirements, including thermal and chemical stability, excellent barrier 

properties, low leakage current, etch selectivity, and adhesion to the other 

interconnect materials [1].  Good adhesion to both the interlayer dielectric (ILD) 

and copper is needed to prevent delamination during chemical mechanical 

polishing (CMP).  Additionally, poor adhesion can contribute to higher 
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electromigration of copper at the copper/insulating barrier interface, which is a 

common interconnect reliability failure [8,9]. 

The four-point bend method has emerged as a common technique for 

measuring thin film interfacial adhesion energy [10-12].  This method can be 

applied to determine the critical energy necessary to cause debonding, Gc, for Si-

based insulating barriers and ILD interfaces.  Studies have shown a correlation of 

higher Gc with the ability of a blanket multilayer film stack to withstand the 

shearing forces of CMP [12,13].  Criteria have been reported for Gc necessary to 

endure CMP with no film damage; Gc correlating to CMP success was ~2.5 and 5 

J/m2 using the “dice” and “cleave” sample preparation techniques, respectively 

[12,13].   

Another study demonstrated that Gc is highly dependent upon the sample 

preparation technique and can vary by as much as 100%, likely due to plastic 

deformation of residual sample preparation epoxy [14].   This helps to explain the 

different Gc values reported for CMP success and highlights that contributions to 

the measured interfacial adhesion energy include many factors beyond the desired 

work of adhesion at an interface.  These contributions are often inherent to the 

adhesion test itself, and include surface creation, plastic energy dissipation, and 

debonding interaction [15].  The work of adhesion at an interface itself is a 

complex phenomenon that encompasses different mechanisms, such as molecular 
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attraction, interdiffusion, mechanical interlocking, and electrostatic attractions 

[16,17].   

This paper presents a study of the adhesion of boron carbo-nitride films to 

dielectric and copper films that are relevant to advanced microelectronics 

interconnect processing.  The dielectric films include dense and porous ILD films.  

Adhesion to copper oxide and reduced copper surfaces is also presented. 

 

5.2.  EXPERIMENTAL DETAILS 

5.2.1.  Sample Preparation 

Boron carbo-nitride films were deposited by CVD at 360 °C and 1 Torr 

using dimethylamine borane complex (DMAB), with or without either ammonia or 

ethylene as reactive gases to alter nitrogen and carbon content, respectively.  These 

films will be referred to as BCN-NRG (deposited with no reaction gas), BCN-

AMM (with ammonia), and BCN-ETH (with ethylene).  Films were deposited in a 

stainless steel CVD reactor with a base pressure of 1×10-7 Torr.  Boron carbo-

nitride films were deposited on 20 mm × 40 mm substrate pieces cleaved from 200 

mm silicon wafers with dielectric or copper films already deposited.  The adhesion 

of boron carbo-nitride films was studied on four dielectric films and three different 

copper surfaces.  The four dielectric films (Table 5.1) were PECVD SiO2 deposited
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Table 5.1.  Summary of dielectric films and the associated dielectric constant (k) 
for adhesion testing to boron carbo-nitride films.  Each dielectric film was 
deposited on Si (100) to be nominally 250 nm thick. 
 

Name Dielectric film k 
TEOS PECVD SiOx using tetraethyl orthosilicate ~ 4.0 

CVD OSG PECVD organosilicate glass ~ 3.0 
SOD OSG Porous SOD organosilicate glass ~ 2.4 

SOD POLY Porous SOD polymer ~ 2.2 
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using tetraethyl orthosilicate (TEOS) with k ~ 4.0, PECVD organosilicate glass 

(CVD OSG) with k ~ 3.0, porous spin-on dielectric OSG (SOD OSG) with k ~ 2.4, 

and porous SOD polymer (SOD POLY) with k ~ 2.2.  Dielectric films were 

preheated in-situ for 30 min at 360 °C prior to barrier deposition to outgas any 

absorbed moisture.  The unmodified Cu substrate (Cu-OX) was a multilayer film 

stack of ~400 nm CMP Cu/TaN/SiO2/Si(100) that was exposed to ambient and had 

an oxidized surface.  The Cu-OX surface was preheated for 30 min at 360 °C and 1 

Torr in Ar prior to film deposition.  The other two copper surfaces were prepared 

by exposing Cu-OX to an in-situ reduction plasma using either NH3 or an 

NH3/H2/Ar mixture referenced as Cu-AMM (ammonia reduction) or Cu-MIX 

(mixture reduction), respectively.  The ammonia reduction used 10 standard cubic 

centimeters per minute (sccm) NH3 (99.999%) and the mixture reduction used 10 

sccm each of NH3, H2 (99.999%), and Ar (99.999%).  Each plasma exposure used 

an r.f. plasma powered at 5 W at 1 Torr and 200 °C for 60 s.  Reduced copper 

surfaces were further preheated for 15 min at 360 °C and 1 Torr using the same 

gases as the plasma exposure. 

BCxNy films and modified copper surfaces were analyzed in-situ using a 

Physical Electronics 5500 X-ray photoelectron spectroscopy (XPS) system with 

56.7 eV pass energy and Al Ka radiation.  Ambient exposed samples, such as 
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delaminated samples, were analyzed using the same XPS system.  The dielectric 

constant of the films was measured by temporary metal-insulator-semiconductor 

test structures created using a SSM 495CV Hg probe.  BCxNy films were 

deposited on a 7 nm thermal SiO2/n-type Si (100) substrate for these experiments.   

Interfacial adhesion energy was measured using the four-point bend 

technique.  This method was developed for a bi-material structure with an 

asymmetrical interfacial crack induced by flexure through four points as shown in 

Illustration 5.1 [18].  As the outer sample pins are displaced at a constant rate, the 

remaining Si material under the notch will eventually crack and form a pre-crack 

above the films of interest. The pre-crack propagates to the weakest interface in the 

multilayer film stack.  By continuing the constant displacement of the outer pins, a 

steady-state load can be measured which is the critical load necessary for 

delaminating the weakest interface [11,12]. 

The four-point bend sample structures were created by spin coating ~ 0.30 g 

of Epoxy Technology EpoTek 375 two-part epoxy at 5000 rpm for 30 seconds on 

a 20 mm × 40 mm Si wafer piece (730 µm thick).  By sitting for 30 min prior to 

use, the epoxy was allowed to outgas the air bubbles entrained during mixing.  The 

Si wafer piece with the epoxy layer was used as a backing substrate to which to the 

multilayer film sample piece was affixed.  The epoxy was cured at 100 °C for 2 hr 
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Illustration 5.1.  Illustration of the four-point bend test structure is shown with the 
location of the four pins and defined test geometry variables. 
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in a laboratory oven.  The 20 mm × 40 mm × 1.46 mm sandwich structure was then 

diced into four 3.5 mm wide strips (discarding the two end strips) on a Disco 

DAD340 dicing saw by BridgePoint Technical Manufacturing (Austin, TX).  The 

notch was made by cutting through 75% of the Si wafer backside using a 50 µm 

blade.  

Sample structures were tested using a four-point bending fixture with ultra-

high stiffness equipped with a piezoelectric actuator for displacement and a load 

cell for creating load-displacement profiles.  The defining relations for calculating 

Gc are provided in the next section.  The loading point distance (L) was kept at a 

constant separation of 9 mm (outer- and inner-pin distances of 30 and 12 mm, 

respectively).  Samples were loaded at 1.15 µm/s until the pre-crack was formed at 

the notch tip, at which point the displacement rate was reduced to 0.15 µm/s for the 

duration of the sample experiment.  Selected experiments used a carbon strip (Ted 

Pella, Inc.) placed at the barrier/ILD interface under the notch to promote 

debonding within the multilayer film stack. 

 

5.2.2.  Debond Energy Calculation 

The steady state energy release rate (or adhesion energy), Gc (J/m2), can be 

calculated knowing the steady-state critical load for debonding, Pc, resulting from 



 
 

110

the four-point bend experiment.  Equation 5.1 can be applied to calculate Gc for an 

asymmetrical sample structure knowing Poisson’s ratio (ν) and Young’s modulus 

(E) for the beam material, Si(100).  A ν of 0.218 and E of 131 GPa were used for Si 

(100) properties for calculating Gc [34,35].
  Equation 5.2 is used to calculate the 

bending moment per unit width (in J); Equations 5.3 and 5.4 calculate the second 

moments of area per unit width (in m3) for the bottom and composite beams, 

respectively.  L is the experimental loading point distance and b is the sample 

width.   
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5.3.  RESULTS AND DISCUSSION 

Boron-carbo nitride films were deposited on dielectric and copper films to 

study the interfacial adhesion energy between BCxNy and these materials.  PECVD 
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silicon carbo-nitride (SiC0.76N0.44) is a likely insulating barrier and comparisons are 

made with it in this study using a commercially deposited film [3].   Table 5.2 

summarizes the growth conditions and film composition (excluding H), and 

dielectric constant, k, for 75 to 110 nm thick films deposited on 7 nm thermal SiO2.  

BCN-NRG had a stoichiometry of BC0.37N0.15 with a k of 4.07.  The introduction of 

NH3 (BCN-AMM) or C2H4 (BCN-ETH) coreactant gases produced k of 4.24 and 

3.83, respectively.  The BCN-AMM film had higher nitrogen content mainly by 

displacing carbon in the film and had a BC0.11N0.49 stoichiometry, with only a slight 

decrease in the boron percentage from 64.4% to 62.1%.  The BCN-ETH film had 

boron and nitrogen content lowered to 50.3% and 3.3%, respectively, creating an 

almost 1:1 C:B ratio with BC0.92N0.07 stoichiometry.  The films contained ≤ 2 

atomic % oxygen. 

 
5.3.1.  Dielectric Films 

Illustration 5.2 shows the multilayer film structure used to study interfacial 

adhesion of boron carbo-nitride to ILD films.  A 25 nm barrier film was deposited 

on 250 nm TEOS, CVD OSG, SOD OSG, and SOD POLY films.  This multilayer 

film stack was then glued to a Si backing wafer to create the four-point bend test 

structure.  The notch used to start the pre-crack was created through the backside of 

the top Si wafer, on which the ILD and barrier films were deposited.   
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Table 5.2.  Summary of boron-carbo nitride films deposited with varying 
coreactant showing atomic composition (%) and dielectric constant (k) for 
deposition at 360 °C and 1 Torr on thermal SiO2 using 10 sccm Ar carrier gas 
through a DMAB-containing bubbler.  The atomic composition was measured in-
situ using XPS and excludes H content. 
 

Designation Stoichiometry % B % C % N % O k 

BCN-NRG BC0.37N0.15 64.4 23.8 9.9 2.0 4.07 

BCN-AMM BC0.11N0.49 62.1 6.7 30.7 0.6 4.24 

BCN-ETH BC0.92N0.07 50.3 46.1 3.3 0.3 3.83 
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Illustration 5.2.  Illustration of the multilayer film structure used to test the 
adhesion of boron carbo-nitride to different interlayer dielectric films. 
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All of the samples (three different boron carbo-nitride films on four 

different ILD films) snapped during testing before delamination occurred.  Figure 

5.1a shows the load-displacement profile for a sample snapping prior to 

delamination for BCN-AMM on the SOD OSG film.  After the material under the 

notch cracked to form the pre-crack, the bottom Si piece continued to elastically 

bend until the sample finally snapped without any steady-state delamination 

occurring, preventing a determination of Gc.  However, the debonding energy could 

be estimated in some cases from instances of very short delamination before 

snapping (not shown) and was found to range from 11.3 to 19.3 J/m2.  Therefore 

the samples that snapped demonstrated strong adhesion with Gc > 10 J/m2. 

Reports show that low-k and porous ultra-low-k (ULK) materials similar to 

those tested in these experiments sometimes exhibit cohesive failure during four-

point bend adhesion testing [12-14,19].  Creation of a debonding interface within a 

film (cohesive failure) is an intralayer debonding process as compared to an 

interlayer interfacial delamination process [16].  We observed neither cohesive ILD 

failure nor delamination between any boron carbo-nitride and ILD films.  The 

samples with SiCxNy deposited on the CVD OSG and SOD POLY films also 

snapped before debonding.  However, for the SiC0.76N0.44 film deposited on the 

SOD OSG film, cohesive debonding failure was observed with a Gc of 1.84 ± 0.17 

J/m2.  XPS analysis of the debonded interfaces (not shown) indicated cohesive 
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Figure 5.1.  Delamination profile for BC0.11N0.49 (using NH3) on porous SOD OSG 
with either a) no carbon strip or b) carbon strip placed between the barrier/ILD 
interface.  The carbon strip is placed under the notch to initiate debonding at the 
barrier/ILD interface.  The different events occurring during the test have been 
indicated along with the critical steady-state delamination load, Pc, for the 
debonding in the case of the carbon strip being used. 
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failure of the ILD since the debonded interfaces each had strong Si, C, and O 

signals characteristic of the SOD OSG with negligible nitrogen detected.   

Additional experiments were done to better isolate the boron carbo-nitride 

barrier/ILD interface and promote either an interfacial delamination or cohesive 

debonding of the ILD.  This was done by modifying the multilayer structure to 

include a carbon strip under the notch as illustrated in Illustration 5.3 to promote 

interfacial delamination at the barrier/ILD interface [20].  The 3 mm wide carbon 

strip was placed in the middle of the substrate sample prior to barrier film 

deposition using an aqueous colloidal graphite strip.  During four-point bend 

testing the pre-crack should propagate towards the carbon strip as the location of 

the weakest interface within the film multilayer.  This in turn should cause the 

debond tip to advance parallel to the barrier/ILD interfacial plane.  When the 

debond tip arrives at the carbon strip edge, the tip should follow one of three paths: 

i) continue delamination at the barrier/ILD interface, ii) propagate into the ILD film 

causing cohesive failure, or iii) come to a halt until enough energy is stored to 

initiate one of the first two paths or until the sample snaps due to the strain on the 

bottom Si piece.  If either of the first two paths were to occur, a steady-state plateau 

would be observed in the load-displacement curve.   

The SOD OSG film was selected for the experiments utilizing the carbon 

strip since this was the only ILD exhibiting any debonding (i.e. cohesive failure 
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Illustration 5.3.  Illustration of the placement of a carbon strip between the boron 
carbo-nitride barrier film and ILD.  The notch was later placed in the backside of 
the Si substrate over the carbon strip.  The carbon strip is placed at the interface 
under the notch to promote the propagation of the pre-crack tip to this interface 
with delamination occurring in the directional place of the interface. 

ILD

Barrier filmBarrier film

Si substrate
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with SiC0.76N0.44).  Table 5.3 shows the results of these adhesion experiments for 

each of the boron carbo-nitride films.  The structures using BCN-NRG and BCN-

ETH films snapped.  The BCN-AMM film had a Gc of 10.3 ± 1.8 J/m2, with the 

debonding continuing only slightly beyond the carbon strip before these samples 

also snapped.  The debonding exhibited an uneven steady-state delamination load, 

Pc that is identified by the dotted line in Fig. 5.1b.  XPS analysis of the debonded 

interfaces (Figure 5.2) showed that delamination occurred between the BCN-AMM 

and SOD OSG films.  The top interface shows strong C 1s and O 1s signals with 

distinct silicon peaks consistent with the SOD OSG film.  The inset B 1s spectrum 

shows a weak boron presence.  The bottom interface shows larger N 1s and B 1s 

signals with a smaller Si 2p signal, indicating the BCN-AMM film with SOD OSG 

present.  The larger C 1s signal on the bottom interface likely indicates some 

graphitic carbon from the strip was still present.   

 The carbon strip employed to facilitate debonding.  In two cases (BCN-

NRG and BCN-ETH) the samples snapped and the third sample (BCN-AMM) 

snapped prior to complete debonding.  When combined with the results that did not 

employ a carbon strip, the results clearly demonstrate interfacial adhesion is strong 

between these boron carbo-nitride films and each of the ILD films studied.   
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Table 5.3.  Summary of interfacial adhesion energy, Gc, for boron carbo-nitride 
films deposited at 360 °C and 1 Torr using different coreactants on 250 nm SOD 
OSG with a carbon strip placed between the barrier and ILD to promote 
delamination at that interface. 
 

Barrier Stoichiometry Gc 
(J/m2) 

Std dev 
(J/m2) 

BCN-NRG BC0.37N0.15 snapped n/a 
BCN-AMM BC0.11N0.49 10.3 1.8 
BCN-ETH BC0.92N0.07 snapped n/a 
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Figure 5.2.  XPS survey analysis of the top and bottom delaminated interfaces after 
four-point bend testing for a boron carbo-nitride film deposited using ammonia on 
a porous SOD OSG film.  The inset high-resolution B 1s XP spectra reveal the 
relative intensities of boron remaining at each interface.  A carbon strip was used in 
this experiment for promoting delamination at the barrier/ILD interface.  The inset 
illustration indicates the location of the delamination within the multilayer structure 
determined by XPS.   
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5.3.2.  Copper Films 

Adhesion of the insulating diffusion barrier to metallic copper is important 

since a weakly bonded interface can lead to reliability failures due to copper 

electromigration at that interface [8,9].  The in-situ reduction of oxidized copper is 

a critical processing step before barrier deposition.  As part of this study, two in-

situ processes (Cu-AMM and Cu-MIX) were employed to reduce copper (see 

below); these are not optimal reduction processes.  Each reduction process also 

deposits a plasma-assisted B-C-N-O layer on the copper surface because the same 

process chamber is used for plasma reduction and film growth.  The Cu-MIX 

pretreatment was used to decrease the presence of the B-C-N-O layer compared to 

the Cu-AMM surface.  H2 and Ar were added to the plasma in Cu-MIX – H2 

because it is a well established reducing gas, and Ar for its sputtering ability to 

counteract the plasma-assisted deposition of the B-C-N-O layer [21,22].   

 

5.3.2.1.  Copper Reduction 

XPS was used to characterize the relative atomic intensities and chemical 

bonding for the three copper surfaces.  The XPS intensity ratios of B, C, N, and O 

to Cu for the three copper surfaces are listed in Table 5.4.  Figure 5.3 shows the in-

situ high resolution XP spectra for Cu 2p3/2, Cu LMM, O 1s, B 1s, C 1s, and N 1s 

regions for the Cu-OX, Cu-AMM, and Cu-MIX surfaces.   
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Table 5.4.  The in-situ XPS intensity ratios for B 1s, C 1s , N 1s, and O 1s to Cu 
2p3/2 for the as-received CMP Cu substrate (Cu-OX), or a 60 s 5 W r.f. plasma 
treatment at 1 Torr and 200 °C using either 10 sccm NH3 (Cu-AMM) or 10 sccm 
each NH3, H2, and Ar (Cu-MIX). 
 

Cu surface B:Cu C:Cu N:Cu O:Cu 
Cu-OX 0.000 0.108 0.012 0.462 
Cu-AMM 0.014 0.023 0.069 0.034 
Cu-MIX 0.010 0.016 0.047 0.019 
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Figure 5.3.  High-resolution XP spectra for Cu 2p3/2, Cu LMM, O 1s, B 1s, C 1s, 
and N 1s after each of the following pretreatments: i) Cu-OX (as received), ii) Cu-
AMM (60 s 5W r.f. NH3 plasma exposure at 1 Torr, 200 °C) , and iii) Cu-MIX (60 
s 5W r.f. NH3/H2/Ar plasma exposure at 1 Torr, 200 °C).  The relative intensities of 
the Cu 2p3/2 peaks for the Cu-AMM and Cu-MIX surfaces are indicated. 
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Previous studies have shown that an ambient exposed CMP Cu surface 

oxidizes to Cu2O and CuO with the formation of Cu(OH)2 and CuCO3 surface 

species [21].  The Cu-OX surface is consistent with these conclusions.  The Cu-OX 

surface shows a Cu 2p3/2 shake up peak at a binding energy (BE) of ~ 943 eV 

indicating that the copper is oxidized [23].  The inset Cu LMM spectrum is also 

characteristic of oxidized copper [24-26].  The O 1s peak for the Cu-OX surface 

shows a peak at ~ 531 eV, which represents a combination of expected chemical 

bonding of CuO (529.6 eV), Cu2O (530.3 eV), Cu(OH)2 (531.2 eV), and CuCO3 

(531.5 eV).23  The C 1s peak shows two distinct peaks, with the higher BE peak 

(287.9 eV) from CuCO3 surface species formed from chemisorbed CO2 and the 

lower BE peak (284.1 eV) due to C-C bonding from adsorbed hydrocarbons [21].   

The Cu-OX surface was reduced to metallic copper with both plasma 

pretreatments.  The O:Cu ratio was reduced from 0.462 (Cu-OX) to 0.034 and 

0.019 (93% and 96%) using the in-situ Cu-AMM and Cu-MIX pretreatments, 

respectively.  Both surfaces had similar bonding revealed by XPS (Fig. 5.3).  The O 

1s peak intensity clearly decreased after both pretreatments, with the O 1s inset 

highlighting that the Cu-MIX surface had a lower intensity than the Cu-AMM 

surface.  The shift to higher O 1s BE corresponds to the formation of B-O bonds 

and elimination of Cu-O bonding [27].  The Cu 2p3/2 region with BE of 932.7 eV 
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for both surfaces is characteristic of metallic copper; the Cu LMM spectra are also 

characteristic of metallic copper [24-26].   

Each of the plasma pretreatments led to the formation of a B-C-N-O layer 

on the surface.  The B 1s peaks have a primary intensity at 190.3 eV with a higher 

BE shoulder.  The 190.3 eV BE position corresponds to B-N bonding with the 

higher BE shoulder indicating B-O bonding [23,28,29].  Consistent with the B 1s 

bonding, the N 1s region shows a BE of 398.2 eV that is associated with N-B 

bonding [23,28].  The C 1s peaks show a main peak at 284.5 eV with a higher BE 

shoulder.  The main peak corresponds to C-C bonding at 284.5 eV with the higher 

BE shoulder corresponding to C-N bonding [23].  The C:Cu ratio was reduced 

(Table 5.4).  

Overall, both the Cu-AMM and Cu-MIX pretreatments leave a surface that 

has Cu reduced to a metallic state with a B-C-N-O layer on the surface.  The extent 

of B-C-N-O layer coverage could not be determined using XPS.  The Cu-MIX 

resulted in lower concentrations of B, C, N, and O relative to Cu compared to Cu-

AMM (Table 5.4).  The higher Cu 2p3/2 peak intensity for the Cu-MIX surface 

compared to the Cu-AMM surface further indicates that there is less B-C-N-O 

present on the surface attenuating the Cu 2p3/2  photoelectrons (Fig. 5.3).   

 

 



 
 

126

5.3.2.2.  Adhesion to Copper  

Illustration 5.4 shows the multilayer film structure used to study the 

adhesion of boron carbo-nitride films to copper.  A 25 nm boron carbo-nitride film 

was deposited on (Cu-OX), Cu-AMM, and Cu-MIX.  SiC0.76N0.44 adhesion was 

tested using the same multilayer film stack as the boron carbo-nitride barrier with 

either the same Cu-OX surface or a proprietary pretreatment using NH3/H2/N2 

chemistry.  Table 5.5 summarizes the adhesion energy, Gc, measured for the test 

structures using the different barrier films on the copper surfaces.  Figure 5.4 

illustrates the measured Gc; an arrow indicates the samples snapped, thereby 

exhibiting strong adhesion.  XPS analysis of the delaminated interfaces showed 

delamination occurred at the barrier/Cu interface.  Figure 5.5 shows the analysis of 

delaminated interfaces for a BCN-ETH film on the Cu-MIX surface.  The results 

establish delamination occurred at the copper/barrier interface.  The top interface 

shows a copper surface, with the inset high resolution B 1s spectrum indicating 

boron is present on the copper interface.  The bottom interface shows a boron 

carbo-nitride film, also with some Cu on the surface (shown by the inset high-

resolution Cu 2p3/2 spectrum).   

Adhesion to Cu-OX was strongest for the highest carbon content film 

(BCN-ETH) and weakest for the highest nitrogen content film (BCN-AMM).  The 

SiC0.76N0.44 film had a Gc of 2.58 ± 0.10 J/m2, between the strength of BCN-AMM 
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Illustration 5.4.  Illustration of the multilayer film structure used to test the 
adhesion of boron carbo-nitride to copper. 
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Table 5.5.  Summary of interfacial adhesion energy, Gc, for boron carbo-nitride 
films deposited at 360 °C and 1 Torr on different Cu surfaces with comparison to 
PECVD SiCxNy.  The Cu surface either had no Cu reduction treatment prior to 
barrier deposition or an in-situ plasma reduction at 200 °C using either NH3 or 
NH3/H2/Ar chemistry.  For samples that delaminated, the delamination interface 
was determined using XPS to be at the barrier/Cu interface.   
 

Cu treatment Barrier Gc 
(J/m2) 

Std dev 
(J/m2) 

Cu-OX BC0.37N0.15 4.05 0.50 
Cu-OX BC0.11N0.49 1.65 0.10 
Cu-OX BC0.92N0.07 snapped n/a 
Cu-OX SiC0.76N0.44 2.58 0.11 

Cu-AMM BC0.37N0.15 5.37 0.20 
Cu-AMM BC0.11N0.49 3.51 0.10 
Cu-AMM BC0.92N0.07 5.59 0.22 
Cu-MIX BC0.37N0.15 3.76 0.22 
Cu-MIX BC0.11N0.49 3.52 .016 
Cu-MIX BC0.92N0.07 2.73 0.10 

Cu-MIX(1) SiC0.76N0.44 snapped n/a 
(1) Proprietary reduction process using modified Cu-MIX chemistry. 
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Figure 5.4.  The resulting debonding energy, Gc, is shown for adhesion testing of 
the different barrier films deposited on copper after each of the following 
pretreatments: i) Cu-OX (as received), ii) Cu-AMM (60 s 5W r.f. NH3 plasma 
exposure at 1 Torr, 200 °C), and iii) Cu-MIX (60 s 5W r.f. NH3/H2/Ar plasma 
exposure at 1 Torr, 200 °C).  (1)A different proprietary pretreatment was used for 
SiCxNy with Cu-MIX.  (2)The upwards arrow indicates the test structures snapped 
during analysis prior to delamination. 
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Figure 5.5.  XPS survey analysis of the top and bottom delaminated interfaces after 
four-point bend testing for a boron carbo-nitride film deposited using ethylene on a 
Cu surface after Cu-MIX pretreatment.  The inset high-resolution B 1s and Cu 2p3/2 
XP spectra for the top and bottom surfaces, respectively, reveal the presence of 
relatively weak intensities relative to the other interface.  The inset illustration 
indicates the location of the delamination within the multilayer structure 
determined by XPS.   
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and BCN-NRG.  The average B-O, C-O, and N-O bond energies are 686, 358, and 

201 kJ/mol (Table 5.6) [30].  Although the B-O bond is the strongest, there is not a 

correlation to boron content.  Instead, Gc correlates to the carbon content and may 

even be further affected by the bonding environment of carbon (i.e. specific B-C vs. 

C-C bonding may affect Gc).  We suggest that carbon and nitrogen dominate 

interfacial bonding to the surface oxide at the exclusion of boron, and the higher 

adhesion for BCN-ETH is related to stronger covalent bonding between surface 

oxygen and carbon in the film.   

There are three potential copper surfaces: i) copper oxide, ii) B-C-N-O 

layer, and iii) metallic copper.  XPS revealed both plasma reduction processes 

reduced the surface oxide to metallic copper with a B-C-N-O layer.  The adhesion 

energy of boron carbo-nitride films to the Cu-AMM surface was again the highest 

for the highest carbon content film (BCN-ETH) and weakest for the highest 

nitrogen content film (BCN-AMM).  However, the adhesion energies for the higher 

carbon content BCN-ETH and BCN-NRG films to the Cu-MIX surface (Table 5.5) 

were lowered when compared to the Cu-AMM surface.  The BCN-AMM film, with 

the highest nitrogen content, had almost the same adhesion energy of ~ 3.5 J/m2 for 

the Cu-AMM and Cu-MIX surfaces.  The clear changes in Gc for the barrier films 

on the Cu-AMM and Cu-MIX surfaces suggest the surfaces are indeed different, 
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Table 5.6.  Summary of average bond energies among B, C, N, and O atoms, in 
kJ/mol.  The energies are from Ref. 30 except for those involving B, which are 
from Ref. 31. 
 

 B C N O 

B 274 343 586 556 

C 343 347 305 358 

N 586 305 160 201 
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and we suggest the Cu-MIX surface has exposed copper in addition to a B-C-N-O 

partial-layer. 

Research done on PECVD BCxNy films using the same precursor and 

coreactant chemistry found that films were not stable when deposited at 250 °C on 

SiO2 using a 5 W r.f. plasma [32].  The films exhibited nitrogen-loss when exposed 

to ambient.  This observation provides insight into the instability of the B-N bond 

within the plasma-assisted B-C-N-O layer.  Bonding of BCxNy to nitrogen in the B-

C-N-O layer is likely to create a weak debonding point within the B-C-N-O layer.  

The differences in adhesion are attributed to the carbon and boron in BCxNy having 

stronger covalent bonds than nitrogen (Table 5.6) to the B, C, and O in the B-C-N-

O layer [30,31]. 

The adhesion to the Cu-MIX surface was convoluted by the mixed surface 

composition of the B-C-N-O partial-layer and metallic copper.  Zhou et al. reported 

that metallic film adhesion energy to polymer films was improved by the presence 

of π-bonding at the polymer surface [33].  With the metallic copper now exposed at 

the Cu-MIX surface, the adhesion of the BCxNy film should be improved by π-

bonding character present in the B-N bonds [32].  The B-N bond typically exhibits 

ionic-covalent resonance that has π-bonding character due to nitrogen sharing its 

lone electron pair with the boron’s empty orbital.  The similar adhesion results for 
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the BCN-AMM film on both Cu-AMM and Cu-MIX suggests similar adhesion 

energy to both metallic copper and the B-C-N-O layer, ~ 3.5 J/m2.  On the other 

hand, Gc is reduced for the Cu-MIX surface with the higher carbon content films of 

BCN-NRG and BCN-ETH.  The lower adhesion energies indicate that increasing 

carbon content decreased the adhesion energy to metallic copper.  However, these 

experiments do not reveal if the carbon bonding within the film (i.e. C-C vs. C-B) 

affects the adhesion energy. 

 

5.4.  SUMMARY 

The interfacial adhesion energy was studied using the four-point bend 

method for boron carbo-nitride deposited on dielectric and copper films.  BCxNy 

films were deposited by chemical vapor deposition at 360 °C and 1 Torr using 

dimethylamine borane with no coreactant, NH3, or C2H4, with dielectric constants 

of 4.07, 4.24, and 3.93, respectively.  BCxNy adhered strongly to the dielectric 

films.  The adhesion of BCxNy to copper surfaces varied with surface pretreatment 

and generally ranged from 1.65 to 5.59 J/m2, with one set of samples snapping.  

Adhesion increased with carbon content, x, on oxidized copper surfaces.  Adhesion 

to metallic copper was improved by the π-bonding character of the B-N bond. 
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Chapter 6 

Copper Diffusion Barrier Properties of CVD BCxNy 

 

6.1.  INTRODUCTION 

The microelectronics industry continues to scale down feature sizes and 

develop new materials for applications where performance is limited by material 

properties [1].  One opportunity for developing new materials is the insulating 

copper diffusion barrier used in interconnect integration.  This barrier is critical for 

device reliability to prevent copper from diffusing into the underlying transistors, 

and this is accomplished by surrounding the copper wire in a combination of 

conductive and insulating diffusion barriers [2].  Silicon nitride deposited by 

plasma-enhanced CVD has been the insulating barrier since the implementation of 

Cu.  However, SiNx has a relatively high dielectric constant, k ~7, compared to the 

future interlayer dielectric materials being developed (e.g. porous dielectrics) with k 

< 2.7.  The higher k of SiNx contributes to a higher overall effective k of the 

insulating materials in the interconnect, and this represents an opportunity for 

reducing the effective k (keff) by developing barriers with lower k.  Indeed Martin et 

al. lowered keff 9% by replacing a 50 nm barrier with k of ~ 7 (silicon nitride) with a 

barrier having k of ~ 5 (silicon carbo-nitride) [3].   
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Studies of films with k < 7 to replace silicon nitride have focused on 

PECVD-grown Si-based insulating barriers incorporating carbon with or without 

nitrogen, e.g. SiCxNy:H and SiCx:H [4-6].  These films have been shown to have k 

as low as 5 for SiCxNy:H and 4 for SiCx:H.  However, as k is lowered in these Si-

based films, the barrier and electrical properties can degrade.   

The time dependent dielectric breakdown (TDDB) test has been used to 

investigate the reliability of Si-based copper diffusion barriers [6-11].  TDDB 

studies of barrier films combine thermal stress and positive bias on a metal-

insulator-semiconductor (MIS) capacitor with a copper gate to provide driving 

forces for positive copper ions to diffuse into the dielectric film.  Raghavan et al. 

investigated copper barrier properties of silicon dioxide, silicon oxy-nitride, and 

silicon nitride films, and demonstrated incorporation of nitrogen and reduction of 

oxygen led to improved barrier properties at 150 °C as measured by longer times to 

failure [7].  Ahrens et al. reached similar conclusions comparing the barrier 

properties of silicon dioxide and silicon nitride at 220 °C [8].  More recent studies 

looked at a-SiCxNy:H and a-SiCx:H barriers with k < 7..  Chiang et al. showed that a 

bilayer barrier of SiCxNy/SiCx had longer TDDB times than a SiCx barrier by itself.   

They concluded that the incorporation of carbon decreased the barrier performance 

[9].  Tsui et al. used comb and serpentine damascene structures for TDDB tests and 
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also found that SiNx had better reliability performance compared to SiCxNy, with 

SiCxOy faring much worse [10].   

B-based films are a potential alternative to current barrier materials offering 

a low dielectric constant.  There are numerous reports of boron nitride and boron 

carbo-nitride films that have shown k less than 5 using PECVD and thermal CVD 

deposition processes [12-14].  Recent work by the authors on CVD boron carbo-

nitride films deposited at 360 °C using dimethylamine borane with ammonia and/or 

ethylene demonstrated that films can be deposited with k less than 4 [15].  This 

paper focuses on Cu barrier properties of boron carbo-nitride films using TDDB. 

 

6.2.  EXPERIMENTAL DETAILS 

Films were deposited by thermal CVD in a film deposition facility 

consisting of a load lock, sample transfer system, CVD growth chamber, and 

analysis chamber equipped with X-ray photoelectron spectroscopy (XPS).  The 

CVD process is detailed elsewhere [15].  Briefly, dimethylamine borane complex 

[NH(CH3)2:BH3] (DMAB) from Strem Chemicals, Inc. (97% purity) was delivered 

to the reactor using 10 standard cubic centimeter per second (sccm) Ar (99.999%) 

carrier gas flowing through a stainless steel bubbler held at 40 °C.  NH3 (99.999%) 

and C2H4 (99.9%) coreactant gases were delivered to the CVD showerhead and 
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mixed with DMAB/Ar at a location 4 cm above the heated substrate to minimize 

gas phase reactions.   

Films were deposited on 2.2 × 2.2 cm substrate pieces cleaved from a 200 

mm n-type Si wafer with a 7 nm thermal SiO2 film already deposited.  Substrates 

were cleaned prior to film deposition by sequentially rinsing for ~ 30 s with 

acetone, ethanol, and deionized water.  The oxide substrates were mounted on 

stainless steel holders and then annealed under vacuum to minimize surface 

contamination.   

Films were analyzed in-situ using a Physical Electronics 5500 X-ray 

photoelectron spectroscopy (XPS) system with Kα radiation and 56.7 eV pass 

energy.    The boron carbo-nitride film thickness was determined using a two 

parameter Cauchy film model and spectroscopic ellipsometry (SE) results collected 

at 70° and 75° on a J. A. Woollam VASE M2000-D. 

Temporary MIS test structures were created using a SSM 495CV Hg 

probe with a tip area of 3.3 × 10-3 cm2 for collecting current-voltage sweeps.  

Alternatively, MIS capacitors were fabricated by depositing a Cu gate by physical 

vapor deposition (PVD) through a shadow mask, with an area of 2.6 × 10-3 cm2.  

The sample substrate backside was metallized with evaporated Al (99.999%) after 

scratching through the thin oxide.  The capacitors were tested using a HP 4145B 
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Semiconductor Parameter Analyzer to maintain a constant bias while monitoring 

the leakage current.  The probe station used for electrical testing was housed in a 

plexiglass glovebox purged with nitrogen gas to provide an inert environment for 

testing at elevated temperatures.  The time-to-failure (TTF) was defined as the time 

when the leakage current sustained a sharply higher leakage current (typically to 

the compliance limit of 100 mA). 

 

6.3.  RESULTS AND DISCUSSION 

Boron carbo-nitride films were deposited by CVD on 7 nm thermal SiO2 at 

360 °C and 1 Torr using DMAB with no reactant gas (BCN-NRG), 6 sccm NH3 

(BCN-AMM), or 0.5 sccm C2H4 (BCN-ETH).  Table 6.1 summarizes the atomic 

composition (excluding hydrogen), dielectric constant (k), and leakage current 

density (J) at 0.5 MV/cm for the barrier films.  The BCN-AMM and BCN-ETH 

films had higher nitrogen and carbon content, respectively, compared to the BCN-

NRG recipe.  NH3 incorporated nitrogen into the BCN-AMM film and increased 

the N:B ratio from 0.15 to 0.44 and decreased the C:B ratio to 0.19 (vs. 0.37) 

compared to the BCN-NRG film.  The use of C2H4 incorporated carbon into the 

BCN-ETH film, increasing the C:B ratio to 0.90.  The C2H4 coreactant dramatically 

suppressed the incorporation of nitrogen from the precursor amine ligands, 



 
 

143

Table 6.1.  Summary of atomic composition (%) determined by in-situ XPS 
(excluding hydrogen), stoichiometry, dielectric constant (k), and leakage current 
density (J) at 0.5 MV/cm2 (Hg probe measurements) for boron carbo-nitride films.  
Films wre deposited at 1 Torr and 360 °C on 7 nm SiO2/n-type Si substrate using 
DMAB with either no coreactant (BCN-NRG), 6 sccm NH3 (BCN-AMM), or 0.5 
sccm C2H4 (BCN-ETH). 

 

Film Stoichiometry % B % C % N % O k J (A/cm2)  

BCN-NRG BC0.37N0.15 64.4 23.8 9.8 2.0 4.07 9.30×10-8 ± 0.32×10-8 

BCN-AMM BC0.19N0.44 60.7 11.6 26.5 1.1 4.40 1.36×10-7 ± 0.04×10-7 

BCN-ETH BC0.90N0.08 50.2 45.1 4.1 0.7 3.85 1.12×10-8 ± 0.51×10-8 
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lowering the N:B ratio to 0.08.  Each of these films remained boron-rich (at least 

50% boron) and had ≤ 2% oxygen.  

Figure 6.1 shows the XP spectra for B 1s, C 1s, and N 1s regions for the 

different boron carbo-nitride films with specific binding energies (BE) identified 

[16,17].  The B 1s region for BCN-NRG film with a peak maximum at 189.0 eV 

shows B-B and B-C bonding dominant over B-N bonding.  The C 1s region 

indicates more C-B and C-N bonds form than C-C bonds, while the N 1s region 

shows more N-B than N-C bonds.  Compared to the BCN-NRG film, the BCN-

AMM B 1s region shifts to higher BE, reflecting more B-N bonds (190.4 eV).  This 

peak has a larger full-width half-maximum (FWHM) indicating a wider distribution 

of bonding [18].  With the N 1s peak at 398.3 eV clearly showing increased N-B 

bonds, the broad nature and position of the B 1s peak indicates B-N and B-B are 

the dominant bonds.  There are fewer B-C bonds compared to B-N and B-B bonds, 

which is also reflected in the small intensity of the C 1s region C-B bonding for the 

BCN-AMM film.  On the other hand, the BCN-ETH film B 1s region exhibits a 

narrower FWHM peak than the other two films with a maximum at 189.4 eV.  This 

peak suggests that B-C bonding (189.3 eV) is the main bonding environment for 

boron.  The N 1s region shows very little nitrogen content with a small peak 

appearing to be mainly N-B bonding.   
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Figure 6.1.   XP spectra of B 1s, C1s, and N 1s for (a) BCN-NRG, (b) 
BCN-AMM, and (c) BCN-ETH.  Specific bonding peak positions are 
indicated on the figure as follows: B-B (188.3 eV), B-C (189.3 eV), B-
N (190.4 eV), C-B (283.1 eV), C-C (284.5 eV), C-N (286.1 eV), N-B 
(398.1 eV), N-C (400.4 eV) [16,17]. 
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The Hg probe was used to measure the leakage current density, J, of the 

barrier/oxide capacitor device.  The BCN-ETH film had the lowest J and the BCN-

AMM film had the highest J at 0.5 MV/cm (Table 6.1).  The BCxNy films also had 

higher J compared to the SiCxNy film (5.50×10-9 A/cm2).  Leakage current density 

follows the same trend as k for the BCxNy films, with BCN-ETH having the lowest 

leakage current and lowest k.  This trend is the opposite of PECVD Si-based 

insulating barrier films; the incorporation of carbon into silicon nitride is reported 

to lower k but increase leakage current [6,9,11,19]. 

The copper diffusion barrier properties of films deposited on thermal oxide 

were characterized using time-to-failure (TTF) tests with Cu-gate MIS capacitors.  

The MIS capacitors were stressed at 150 °C and +2 to 5 MV/cm bias under an inert 

N2 environment.  Figure 6.2 shows examples of the BTS leakage currents as a 

function of stress time at 150 °C and +4 MV/cm bias.  The BCN-AMM and BCN-

NRG films fail the fastest at 12 and 16 s, respectively, with leakage current sharply 

higher than the other barriers.  The SiC0.76N0.44 film, having a lower leakage current 

than the BCN-ETH film, failed at 994 s compared to 19325 s for the BCN-ETH 

film.  The relative initial leakage currents from BTS testing of the different barrier 

films demonstrated the same trend as for the leakage current density using the Hg 

probe.  Each of the examples in Figure 6.2 (except BCN-AMM) demonstrates the 
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Figure 6.2.  Leakage current (I) vs. time for representative examples of Cu-gate 
MIS capacitors with (a) BCN-AMM, (b) BCN-NRG, (c) BCN-ETH, or (d) 
SiC0.76N0.44, barriers deposited on a 7 nm thermal SiO2.  The devices were bias-
temperature stressed at +4.0 MV/cm and 150 °C under a N2 environment.  
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“self-healing” phenomena that sometimes occurred during testing, with the current 

momentarily spiking up and then lowering to either the original or substantially 

higher leakage current.   This “self-healing” has also been reported by Raghavan et 

al., who speculated it was caused by local heating within the barrier due to copper 

that is non-uniformly diffused [7]. 

The least squares linear regression fit of the time-to-failure results is shown 

in Figure 6.3 for each of the barriers.  The TTF variability is greater for the BCxNy 

films compared to the commercial SiC0.76N0.44 film.  This higher variability is 

probably the result of gross film defects, such as particle incorporation, that are 

likely introduced during film growth in a research laboratory setting outside of a 

clean room.  The BCN-AMM and BCN-NRG films have TTF trends almost 10-

100× lower than the BCN-ETH and SiC0.76N0.44 films.  The BCN-AMM film 

appears to have slightly better barrier performance than the BCN-NRG film.  The 

TTF trend line for the BCN-ETH film compares favorably with the TTF trend line 

for the SiC0.76N0.44 film leading us to suggest BCN-ETH compositions could be 

effective dielectric Cu diffusion barriers.   

The presence of thermal oxide beneath the barrier films could influence the 

TDDB tests by the SiO2 by altering the electric field acting on the test barrier films.  

A 7 nm thermal oxide is not expected to limit the diffusion of Cu ions since SiO2 is 

a poor diffusion barrier [7,8].  Further, once the BCxNy or SiCxNy layer fails, the 
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Figure 6.3.  Summary of time-to-failure results for Cu-gate MIS capacitors for 
different barriers deposited on a 7 nm thermal SiO2.  The devices were bias-
temperature stressed at 150 °C under a N2 environment with different electric 
fields (E).  The least squares linear regression fit of the results is shown for 
barriers (a) SiC0.76N0.44, (b) BCN-ETH, (c) BCN-AMM, and (d) BCN-NRG.  The 
inset figures shows the linear fit for the TTF results of SiCxNy with adjustment to 
Eb (e), with SiC0.76N0.44 (a) and BCN-ETH (b) without adjustment for comparison. 
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effective Eox with the same applied voltage would be ~ 10× higher, accelerating the 

rate of failure of the SiO2.  The effective E acting in the barrier (Eb) differs from the 

applied E (Table 6.2) because our MIS structures feature two unequal capacitors in 

series, with the smaller capacitor getting a proportionally higher voltage drop.  The 

inset in Figure 6.3 shows the linear least squares regression fits for the SiC0.76N0.44 

results with and without a corrected E.  The resulting adjusted SiC0.76N0.44 trend 

shows lower barrier effectiveness than the unadjusted SiC0.76N0.44 trend.  The BCN-

ETH trend is included in the inset for comparison without adjustment since the E 

difference is negligible in this case.  After adjustment, the BCN-ETH film 

compares more favorably to the SiC0.76N0.44 film. 

We do not know what affects the barrier performance of the different 

BCxNy films and more thorough study is needed.  Two possible factors are the 

ability of films to oxidize, and the variable bond lengths within the film changing 

with composition.  It is reported that metal ion diffusion through insulating films is 

facilitated by the presence of oxygen through an oxidation pathway [7,8,20,21].  A 

higher level of surface oxidation may enhance the injection of Cu+ ions into the 

barrier.  The average bonding energy for B-B, B-C and B-N is 274, 343 and 586 

kJ/mol, respectively [22].  It is possible that the weaker B-B bond is more 

susceptible to oxidation when the film is exposed to ambient prior to loading into 

the Cu sputtering chamber and the electrical test chamber.  The trend of B-B 
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Table 6.2.  Summary of the resulting electric fields in a barrier film (Eb) and oxide 
(Eox) for the case of two different capacitors in series (a 50 nm barrier and 7 nm 
thermal oxide) for the barriers used in the present study.  The total effective electric 
field is 4 MV/cm for this example. 
 

Barrier film kb kox Eb (MV/cm) Eox (MV/cm) 

BCN-ETH 3.85 3.9 4.01 3.95 

BCN-NRG 4.07 3.9 3.98 4.15 

BCN-AMM 4.40 3.9 3.94 4.44 

SiCN 5.56 3.9 3.80 5.42 
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bonding in the barrier films (BCN-NRG > BCN-AMM > BCN-ETH) is the same as 

barrier performance trend.  Further, larger bond lengths may present a barrier 

matrix more vulnerable to Cu+ diffusion by providing a less restrictive pathway for 

Cu+ ions.  Again, the B-B bond is likely to have the largest bond length compared 

to B-C and B-N since it has the lowest bond energy and boron has the largest 

atomic radius.  C-C bonds have an average bond energy of 347 kJ/mol, similar to 

B-C bonds [23].  The BCN-ETH film, having the lowest boron content, fewest B-B 

bonds, and most B-C bonds, exhibits much better barrier performance than the 

BCN-NRG and BCN-AMM films.   

 

6.4.  SUMMARY 

Boron carbo-nitride films deposited by thermal CVD at 360 °C and 1 Torr 

using dimethylamine borane with and without ammonia or ethylene were studied as 

copper diffusion barriers.   A SiC0.76N0.44 film was used to benchmark the study.  

BC0.90N0.08 deposited using ethylene was the most promising boron-based film, 

having a k of less than 4, leakage current of 1.12×10-8 A/cm2 at 0.5 MV/cm 

compared to 5.50×10-9 A/cm2 for SiC0.76N0.44, and comparable time-to-failure 

performance to SiC0.76N0.44.  The BCxNy barrier performance appeared to be 

improved with lower boron content, fewer B-B bonds, and increased B-C bonds. 



 
 

153

6.5.  REFERENCES 

[1] International Technology Roadmap for Semiconductors 2002 Update, SIA, 
San Jose, CA, http://public.itrs.net (2003). 

[2] A. Istratov, C. Flink, and E. R. Weber, Physica Status Solidi B 222, 261 
(2000). 

[3] J. Martin, S. Filipiak, T. Stephens, F. Huang, M. Aminpur, J. Mueller, E. 
Demircan, L. Zhao, J. Werking, C. Goldberg, S. Park, T. Sparks, and C. 
Esber, 2002 IEEE International Interconnect Technology Conference, 42 
(2002). 

[4] S. G. Lee, Y. J. Kim, S. P. Lee, H.-S. Oh, S. J. Lee, M. Kim, I.-G. Kim, J.-H. 
Kim, H.-J. Shin, J.-G. Hong, H.-D. Lee, and H.-K. Kang, Jap. J. of Appl. 
Phys. 40, 2663 (2001). 

[5] K. Goto, H. Yuasa, A. Andatsu, and M. Matsuura, 2003 IEEE International 
Interconnect Technology Conference, 6 (2003). 

[6] C. W. Chen, T. C. Chang, P. T. Liu, T. M. Tsai, H. C. Huang, J. M. Chen, C. 
H. Tseng, C. C. Liu, and T. Y. Tseng, Thin Solid Films 447-448, 632 (2004).  

[7] G. Raghavan, C. Chiang, P. B. Anders, S.-M. Tzeng, R. Villasol, G. Bai, M. 
Bohr, and D. B. Fraser, Thin Solid Films 262, 168 (1995). 

[8] C. Ahrens, D. Depta, R. Schitthelm, S. Wilhelm, Appl. Suf. Sci. 91, 285 
(1995). 

[9] C. C. Chiang, M. C. Chen, Z. C. Wu, L. J. Li, S. M. Jang, C. H. Yu, M. S. 
Liang, 2002 IEEE International Interconnect Technology Conference, 200 
(2002). 

[10] T. Y. Tsui, R. Willecke, A. J. McKerrow, 2003 IEEE International 
Interconnect Technology Conference, 45 (2003). 

[11] M. Sano, M. Aoki, Thin Solid Films 83 (1981) 247. 

[12] S. Motojima, Y. Tamura, and K. Sugiyama, Thin Solid Films 88 (1982) 269. 



 
 

154

[13] R. Ishihara, O. Sugiura, and M. Matsumura, Applied Physics Letters 60 (26) 
(1992) 3244. 

[14] N. Ramanuja, Dissertation, New Jersey Institute of Technology, 2000. 

[15] E. R. Engbrecht, Y.-M. Sun, K. H. Junker, J. M. White, J. G. Ekerdt, J. Vac. 
Sci. Technol. A (submitted). 

[16] J. Yue, W. Cheng, X. Zhang, D. He, and G. Chen, Thin Solid Films 375, 247 
(2000). 

[17] J. F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben, Handbook of X-
ray Photoelectron Spectroscopy, Physical Electronics, Inc., Eden Prairie, MN 
(1995). 

[18] J. C. Riviere, S. Myhra (Eds.), Handbook of Surface and Interface Analysis, 
Marcel Dekker, Inc., New York, 1998. 

[19] C.-C. Chiang, M.-C. Chen, Z.-C. Wu, L.-J. Li, S.-M. Jang, C.-H. Yu, and M.-
S. Liang, J. of Electrochemical Soc., 151(2), G89 (2004). 

[20] N. L. Michael, C.-U. Kim, P. Gillespie, R. Auger, Appl. Phys. Lett., 83(10), 
1959 (2003). 

[21] A. Mallikarjunan, J. Juneja, G. Yang, S. P. Murarka, T.-M. Lu, 
Polymer/Metal Interfaces and Defect Mediated Phenomena in Ordered 
Polymers, Materials Research Society Symposium Proceedings 734, 371 
(2002). 

[22] E. L. Meutterties (Ed.), The Chemistry of Boron and Its Compounds, John 
Wiley and Sons, Inc., New York, 1967.  

[23] S. S. Zumdahl, Chemistry, D. C. Heath and Company, Lexington, KY, 1989. 

 

 



 155

Chapter 7 

Summary 

 
6.1 CONCLUSIONS 

A process for depositing TaCxNy on SiO2 with substrate temperatures less 

than 400 °C was developed using plasma enhanced CVD with 

pentakis(dimethylamino)tantalum as either a sole source precursor or with methane 

as a reactive gas.  The electrical resistivity was minimized for films deposited by 

PECVD at 225 °C by using no methane (440 µΩ•cm to 2400 µΩ•cm in this study).  

The use of methane as a reactive gas increased both the overall carbon content and 

ratio of graphitic:carbidic chemical states resulting in higher film resistivity.  

Deposition by thermal CVD at 365 °C resulted in films with substantially higher 

resistivity (6300 µΩ•cm to 20000 µΩ•cm) attributed to the preferential deposition 

of tantalum in the +5 oxidation state as high resistivity Ta3N5 versus TaN.  Barrier 

effectiveness was evaluated for PECVD TaCxNy films using SIMS depth profiling 

on blanket film structures of Cu/barrier/SiO2/Si.  These results indicated that 4 nm 

to 10 nm TaCxNy films were effective copper diffusion barriers during the applied 

annealing conditions (8 hr at 360 °C in H2/N2 ambient). 
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A potential boron carbo-nitride insulating copper diffusion barrier has been 

explored for advanced interconnect materials.  Films deposited by CVD on SiO2 at 

1 Torr using dimethylamine borane were found to be amorphous using substrate 

temperatures ranging from 360 to 500 °C.  The film composition showed a 

decrease in boron with increasing temperature, still remaining boron rich at 360 °C.  

The dielectric constant, k, of the films ranged from 4.62 to 4.83, increasing with 

temperature.  The dielectric constant appears to asymptotically approach the lower 

range, suggesting it would be unlikely that k will reduce significantly further using 

a lower temperature.  The index of refraction increased correspondingly with k, 

ranging from 2.069 to 2.226.  These films had surface roughness ranging from 0.30 

nm to 0.53 nm, increasing with temperature.  A 1.5 µm film deposited at 360 °C 

had a hardness of 12.2 GPa and modulus of 102 GPa.  A reaction activation energy 

of 71.7 kJ/mol was determined for growth from dimethylamine borane. 

Amorphous boron carbo-nitride films, BCxNy (0.05 ≤ x ≤ 1.51, 0.05 ≤ y ≤ 

0.67), were deposited on SiO2 at 360 °C and 1 Torr using dimethylamine borane 

with ammonia and/or ethylene as coreactants.  The film composition was controlled 

over a wide stoichiometric range by varying the flow of ammonia and/or ethylene.  

X-ray photoelectron spectroscopy indicated the bonding environment could also be 

influenced by the choice of coreactants: using NH3 led to an increase of B-N 
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bonding, using C2H4 with NH3 led to higher B-C and C-C bonding, and using C2H4 

favored the formation of C-C over C-B bonding.  The film dielectric constant, k, 

was 4.62 without coreactant, decreased to 4.11 by adding ammonia and 3.66 upon 

adding ethylene.  The index of refraction ranged from 2.069 to 1.826 and correlated 

to k for a given set of coreactants.  The addition of C2H4 as a coreactant led to 

lower k but higher n compared to films using NH3.  XRD and TEM analysis 

indicated these films were amorphous.  The root mean square surface roughness 

measured using AFM ranged from 0.30 nm to 0.65 nm, with rougher films obtained 

when C2H4 was used as a coreactant.  A 1 µm film deposited at 360 °C using C2H4 

had a hardness of 8.7 GPa and modulus of 71.3 GPa.     

The interfacial adhesion energy was studied using the four-point bend 

method for boron carbo-nitride deposited on dielectric and copper films.  BCxNy 

films were deposited by chemical vapor deposition at 360 °C and 1 Torr using 

dimethylamine borane with no coreactant,  NH3, or C2H4, with dielectric constants 

of 4.07, 4.24, and 3.93, respectively.  BCxNy adhered strongly to the dielectric 

films.  The adhesion of BCxNy to copper surfaces varied with surface pretreatment 

and generally ranged from 1.65 to 5.59 J/m2, with one set of samples snapping.  

Adhesion increased with carbon content, x, on oxidized copper surfaces.  Adhesion 

to metallic copper was improved by the π-bonding character of the B-N bond. 
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The copper diffusion barrier properties of amorphous BCxNy films were 

studied with comparison to SiC0.76N0.44.   The BCxNy films were deposited by 

chemical vapor deposition at 360 °C and 1 Torr using dimethylamine borane with 

no reaction gas (BC0.37N0.15), NH3 (BC0.19N0.44), or C2H4 (BC0.90N0.08) with 

dielectric constants of 4.07, 4.40, 3.85, respectively.  Barrier films were deposited 

on 7 nm thermal oxide/n-type Si substrates.  The leakage current was lowest for the 

BC0.90N0.08 film, 1.12×10-8 A/cm2 at 0.5 MV/cm, compared to 5.50×10-9 A/cm2 for 

SiC0.76N0.44.  Barrier performance was tested using time dependent dielectric 

breakdown with Cu-gate capacitors for time-to-failure at 150 °C and +2 to 5 

MV/cm.  The films deposited using C2H4 displayed barrier performance 

comparable to SiC0.76N0.44 and was noticeably better than BC0.37N0.15 and 

BC0.19N0.44.  The BCxNy barrier performance was improved with lower boron 

content, fewer B-B bonds, and increased B-C bonds. 

 
6.2 RECOMMENDATIONS FOR FUTURE WORK 

 The work done on conductive barriers sought to identify a route for the 

chemical vapor deposition of TaCx on SiO2 at less than 400 °C, which has still not 

yet been done.  Although this work demonstrated that TaCx deposition was not 

feasible with the selected precursors at less than 400 °C, new precursors will 

become available in the future.  For example, a stable tantalum carbonyl would be 
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expected to be an excellent precursor, with similar chemistry as the formation of 

WCx using tungsten carbonyl and ethylene.  However, this opportunity for future 

research becomes less relevant to the semiconductor industry as atomic layer 

deposition processes are developed.   

 There was much more work completed on the boron carbo-nitride insulating 

barrier.  With no clear new material identified by the semiconductor industry for 

the insulating barrier with k less than 4, future work on boron carbo-nitride films 

remains very relevant.  Future opportunities for research include characterizing the 

moisture barrier properties, improved understanding of the adhesion of BCN to 

metallic copper and the correlation to electromigration performance, alternative 

chemical routes, increasing the deposition rate, and further experiments to clarify 

the diffusion barrier mechanism.  Understanding the ability of the films to act as 

moisture barriers is important for preventing moisture from reaching the ILD and 

increasing the effective k.   Also, diffused moisture could oxidize copper, 

increasing copper diffusion through a pathway of copper oxide formation.  Chapter 

5 showed that carbon appeared to reduce the adhesion to copper, while it was 

suggested that π-bonding of the B-N bond increased the adhesion to copper.  Also, 

Chapter 6 showed that the incorporation of carbon using ethylene could minimize 

the nitrogen content and B-B bonding, leading to promising copper diffusion 

barrier results.  Alternative chemical deposition routes can be used to better 
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understand these fundamental interactions.  For instance, the ligand chemistry of 

the boron precursor can be modified to alter the N-H bonding with hydrocarbon 

ligands or exchange the ligand itself (i.e. ethyl vs. methyl).  Carbon can also be 

incorporated to reduce the C-C bonding by using methane, or longer hydrocarbons 

can be considered that have single, double, or cyclic bonds.  These changes in the 

chemistry will alter the films, and may provide insight into the adhesion and barrier 

mechanisms. 

 A key challenge to commercializing this process is increasing the low 

deposition rates (less than 1 nm/min).  The work herein used a precursor bubbler 

delivery system that used a carrier gas to deliver precursor vapor, and it could not 

be known if the carrier gas was saturated with vapor or what the reactor precursor 

partial pressure was.  Future work on developing this process should study the 

effect of using a solid-state delivery system to increase the precursor flux to the 

reaction surface.  Increasing the deposition rate may result in interesting changes in 

the film bonding and density that could alter the application performance. 
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Appendix: Publications 
 
E. R. Engbrecht, C. J. Cilino, J. S. English, Y.-M. Sun, K. H. Junker, J.M. White, 
J.G. Ekerdt, Copper diffusion barrier properties of boron carbo-nitride (in 
progress). 

E. R. Engbrecht, K. H. Junker, J.G. Ekerdt, Adhesion of CVD boron carbo-nitride 
to dielectric and copper substrates (in progress). 

T. Bolom, E. R. Engbrecht, J. R. Dowdle, Y.-M. Sun, J. M. White, and J. G. 
Ekerdt, Blocking Interconnected Pores of Ultra Low-k Methyl Silsesquioxane 
Films (in progress). 

E. R. Engbrecht, C. J. Cilino, Y.-M. Sun, K. H. Junker, J.M. White, J.G. Ekerdt, 
CVD boron carbo-nitride using dimethylamine borane with ammonia and ethylene 
(submitted to J. of Vac. Sci. and Tech. A). 

E. R. Engbrecht, C. J. Cilino, J. S. English, Y.-M. Sun, K. H. Junker, J.M. White, 
J.G. Ekerdt, CVD of boron carbo nitride on silicon dioxide using dimethylamine 
borane (submitted to Thin Solid Films).  

Y.-M. Sun, E. R. Engbrecht, T. Bolom, J. H. Sim, C. Cilino, J. M. White, and J.G. 
Ekerdt, Chemical vapor deposition of tungsten nitride as copper diffusion barrier, 
Thin Solid Films (in press). 

E. R. Engbrecht, C. J. Cilino, Y.-M. Sun, K. H. Junker, J.M. White, J.G. Ekerdt, 
Deposition of boron carbo-nitride films deposited by low temperature chemical 
vapor deposition, 2003 MRS Spring Meeting, April 21-25, 2003, San Francisco, 
CA, 351-356 (E8.21). 

E. R. Engbrecht, Y.-M. Sun, S. Smith, K. Pfeifer, J.M. White, J.G. Ekerdt, 
Chemical vapor deposition growth and properties of TaCxNy, Thin Solid Films, 
418, no. 2 (2002), 145-150. 

E.R. Engbrecht, S. Smith, K. Pfeifer, Influence of sample preparation on interfacial 
adhesion energy using the four-point bend technique, 2002 Advanced Metallization 
Conference, San Diego, CA, p. 243-247.  

Sun, Y.-M., Lee, S. Y., Lemonds, A. M., Engbrecht, E. R., Veldman, S., Lozano, 
J., White, J. M., Ekerdt, J. G., Emesh, I, Pfeifer, K., Low temperature chemical 
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vapor deposition of tungsten carbide for copper diffusion barriers, Thin Solid Films 
397(1-2) 109 (2001). 

Y.-M. Sun, S.Y. Lee, E. R. Engbrecht, K. Pfeifer, S. Smith, J. M. White, and J. G. 
Ekerdt, Low temperature tungsten, tungsten carbide and tantalum carbide film 
growth, Growth, Evolution and Properties of Surfaces, Thin Films and Self-
Organized Structures, Fall 2000 MRS Proceedings Volume 648, 6.43 (2001). 
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