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Abstract 
For future interconnect technology of integrated circuits, the conformal deposition of low-
resistivity thin barrier films in high-aspect ratio structures is essential to prevent copper 
diffusion in silicon which would degrade the device performance. Atomic layer deposition 
(ALD) is a prime candidate for the deposition of thin barrier layers in high-aspect ratio 
structures. As a material for these thin layers low-resistivity tantalum nitride (TaNx) is 
considered, which is reported to have excellent copper barrier properties. Since different 
TaNx crystal phases exist, ranging from low-resistivity cubic TaN to high-resistivity Ta3N5, 
successful integration of the TaNx films demands control over film material properties and 
composition. 

We report on the deposition of TaNx using the plasma-assisted atomic layer 
deposition (ALD) process from Ta[N(CH3)2]5 (pentakis(dimethylamino)tantalum; 
PDMAT) precursor and different remote plasma conditions. For the deposition process an 
experimental setup was implemented for which hard- and software control was developed. 

TaNx films with material properties tunable over a wide range were deposited by 
variation of the plasma exposure time and the plasma gas composition (H2, H2/N2 
mixtures, and NH3). The material properties were determined using in situ spectroscopic 
ellipsometry and extensive ex situ characterization using four-point-probe resistivity 
measurements, Rutherford backscattering spectroscopy, X-ray diffraction and X-ray 
reflectometry. Using a H2 plasma, low-resistive and high density cubic TaNx was deposited 
over a wide temperature range. Amorphous semiconductive like Ta3N5 films with a band 
gap around 2 eV were deposited using a H2/N2 (1:1) plasma mixture or a NH3 plasma. 
Copper diffusion barrier properties were examined for the conductive TaNx deposited from 
a H2 plasma revealing good barrier properties with a breakdown temperature of 600 °C. 

A large part of the work focused on monitoring the film growth by in situ 
spectroscopic ellipsometry. The Drude-Lorentz oscillator parameterization is used to 
describe the dielectric function of the conductive TaNx phase and renders the electrical 
resistivity. A Tauc-Lorentz parameterization is used for the semiconductive Ta3N5 phase 
yielding the band gap energy. It is demonstrated that the different TaNx phases can clearly 
be distinguished during deposition by spectroscopic ellipsometry. 

A fundamental understanding of the surface reactions during plasma ALD was 
obtained by monitoring the reaction products during the PDMAT and plasma exposures 
with mass spectrometry and optical emission spectroscopy. It was found that the reaction 
products interact with the plasma and could partially redeposit in the TaNx film, a 
mechanism which has not been addressed before in the ALD literature. Using these 
observations insight into the surface reactions during TaNx deposition was obtained and a 
reaction mechanism for plasma-assisted ALD TaNx is proposed. 
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1 Introduction 

1.1 Applications of tantalum nitride films 
Tantalum nitride (TaNx) is a material which can exist in many crystal phases and that can 
be used for a wide range of applications [1]. Most of these phases have a metallic character 
(e.g. Ta2N, TaN), while only the Ta3N5 phase has a semiconductive character [2]. The 
conductive TaNx phase is reported to have the following key applications [3]: 

• Copper diffusion barrier layers in copper interconnect devices, 
• Metal gates in CMOS transistors, 
• Lithium diffusion barrier layers in all-solid-state batteries. 

The semiconductive Ta3N5 phase has potential as [4]: 
• A photocatalyst for water splitting in clean hydrogen fuel generation, 
• A material in photonic band gap structures. 

 
 

   
 

FIG. 1.1. (a) Scanning electron microscope image of six-level copper interconnect 
technology where the dielectric material is removed to show the interconnect structure 
(IBM Corporation©). (b) Schematic cross section of a copper interconnect area showing 
the copper diffusion barrier layer. 

In this work, we focus on the application of the conductive TaNx phase as a diffusion 
barrier in copper interconnect structures. Figure 1.1(a) shows an example of a copper 
interconnect structure where the dielectric material (normally present) is removed to reveal 
the interconnects. The copper interconnects are fabricated using the dual-Damascene 
process and are used to electrically connect the different components present on the 
microchip. A schematic cross section of a copper interconnect area is shown in Fig. 1.1(b). 
This cross section shows the copper connections, the dielectric material and the thin barrier 
layer. The diffusion barrier is required to prevent diffusion of copper into the neighboring 
dielectric that would degrade the device performance. The bottom of the trench illustrates 
that the barrier layer has to be conductive since the copper regions are connected through 
the barrier layer. In the dual-Damascene process the barrier layer must be deposited in high 
aspect ratio structures. 

With the continuing trend of size reduction in the chip industry, the requirements for 
the barrier layer become more and more stringent. The thickness of the barrier must 
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decrease while retaining its barrier properties and low resistivity in order to maintain the 
low total resistivity of the interconnects. Furthermore, this thin layer must be present 
throughout the complete three dimensional trench structure increasing the need for 
conformal deposition techniques. In one or two future generations of interconnect 
technology, conventional techniques such as physical vapor deposition (PVD) and 
chemical vapor deposition (CVD) will be unable to reach the conformality required for 
these advanced three dimensional structures [5]. Atomic layer deposition (ALD) can 
possibly replace these techniques since it is inherently good at conformal deposition of 
high quality films. 

1.2 Plasma assisted atomic layer deposition 

 
FIG. 1.2. A cartoon showing the ALD principle. The ALD process consists of two 
separate steps. Each step creates absorption sites for the next step while releasing 
reaction products and the complete cycle results in deposition of the desired material. 

Atomic layer deposition can be used to deposit uniform and conformal thin films. Basically 
it is a chemical vapor deposition process (CVD) where the reaction is split up into two self-
limiting half-reactions. To this end the process consists of two alternating steps where each 
step has its own growth precursor (precursor A or B) as shown in Fig. 1.2. Together these 
two steps complete the chemical reaction and result in the deposition of a monolayer per 
cycle. The process is self-limiting since the reactions in each step occur between the 
surface groups created in the previous step and the growth precursor of the current step. 
The self-limiting nature of ALD yields exact thickness control and delivers excellent 
uniformity and conformality. 
 The ALD processes can be divided into two approaches. In the thermal ALD 
process both steps are thermally driven half-reactions, while in the plasma assisted ALD 
(PA-ALD) process one of the half-reactions is performed using a plasma. PA-ALD has the 
following advantages over thermal ALD: 

• The possibility to deposit at lower temperatures due to the high reactivity of the 
plasma species. 

• A higher density and lower impurity level in the deposited film. 
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• The ability to deposit materials which are difficult or impossible to deposit with 
thermal ALD, for instance pure metals. 

1.3 Atomic layer deposition of tantalum nitride films 
Due to its excellent conformal deposition, ALD is believed to be a prime candidate to 
replace PVD and CVD as a deposition technique for TaNx barrier layers in high aspect 
ratio structures. In order to be successful, ALD has to be able to deposit the conductive 
TaNx phase with good barrier properties. With thermal ALD processes it is very difficult to 
deposit the conductive phase [6]. Kim et al. and Park et al. showed, however, that by using 
plasma-assisted ALD good conductive TaNx films can be deposited [3, 7, 8]. For the PA-
ALD process of TaNx several precursors have been used. Park et al. used the metal organic 
TBTDET precursor (terbutylimidotris(diethylamido)tantalum, Ta[N(C2H5)2]3[NC(CH3)3]) 
and Kim et al. used the metal halide TaCl5 precursor and metal organic PDMAT 
(pentakis(dimethylamino)-tantalum, Ta[N(CH3)2]5) precursor [3, 7, 8]. A disadvantage of 
the metal halide precursor TaCl5 is the incorporation of Cl impurities in the TaNx film 
which can cause reliability problems in combination with copper. Therefore in this work 
we will use the metal organic PDMAT precursor in combination with a remote H2 plasma. 

Kim et al. showed the material properties for TaNx films deposited with PDMAT and 
a H2 plasma, and indicated a dependence of the deposited TaNx material on the plasma 
properties. However, to understand the influence of the plasma on the material properties, 
an extensive study has to be performed to explore the future possibilities of PA-ALD. 
Insight in the reaction mechanisms during the PA-ALD process can result in new ideas in 
controlling and improving the deposited material. The reaction mechanisms for the PA-
ALD process with PDMAT and a H2 plasma are speculated upon but are not yet 
experimentally determined. Accurate in situ diagnostics are required to efficiently research 
the effects of the properties of the plasma exposure in the ALD cycle on the material 
properties. 

1.4 Goal of this work 
The goal of this work is to deposit TaNx with good material properties and obtain more 
insight into the processes controlling the material properties. Several research challenges 
were pursued: 

• Adjusting and designing the experimental setup for deposition and analysis of 
conductive TaNx. 

• Extensive material characterization by combination of various diagnostics to obtain 
composition, density, microstructure, optical and electrical properties. How do 
these material properties depend on the PA-ALD process parameters? 

• Use in situ spectroscopic ellipsometry (SE) to study the PA-ALD of TaNx films. 
Can we distinguish the different TaNx phases with in situ SE? 

• Study the reaction mechanisms by measuring the reaction products created during 
the ALD reaction. Can mass spectrometry measurements be used to obtain more 
insight into the reaction processes during PA-ALD of TaNx films? 

1.5 Outline of this report 
The report is structured in the following way. Chapter 2 describes the experimental details 
of the setup with the hard- and software control and the diagnostics. Before presenting the 
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material properties of the TaNx films in Chapter 4, first the use of spectroscopic 
ellipsometry (SE) on TaNx is shown in Chapter 3. This chapter describes how the optical 
model for data analysis was constructed and how the material properties and growth rate 
were determined from the in situ SE data. Subsequently in Chapter 4 the resulting material 
properties of the TaNx film and the influence of the deposition conditions on these 
properties are presented. In this chapter the barrier properties of the TaNx film were also 
tested in a preliminary experiment. In Chapter 5 the reaction mechanisms were studied 
with mass spectrometry and optical emission spectroscopy. By using a systematic approach 
the reaction products are determined and insight into the reaction mechanisms was 
obtained. Finally, the general conclusions and recommendations for future research are 
described in Chapter 6. 
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2 Experimental Details 
This chapter discusses the experimental details of the remote plasma ALD reactor. Hard- 
and software control of the setup is described and the typical layout of an ALD cycle is 
shown. Both in and ex situ diagnostics were used to extensively characterize film 
properties and reaction processes in the setup. Specifications of the diagnostic tools are 
briefly described at the end. 

2.1 Remote plasma ALD reactor 

 
FIG. 2.1. A schematic overview of the remote plasma ALD experimental setup showing 
the remote plasma source, the PDMAT precursor dosage system, and the in situ 
spectroscopic ellipsometer. 

A schematic overview of the remote plasma ALD reactor is presented in Fig. 2.1. This 
setup was used previously for the remote plasma ALD of Al2O3 and TiN [9]. For the 
current work the setup is adapted for the deposition of TaNx films. The homebuilt 
deposition system consists of a stainless steel deposition chamber, a pump unit, a plasma 
source, and a precursor dosing system. The pump unit and plasma source are connected to 
the deposition chamber through gate valves. The chamber is pumped by a combination of a 
turbo molecular pump (250 l/s) and a rotary pump (5 m3/h) reaching a base pressure of 
~10-5 mbar by overnight pumping. The turbo molecular pump is continuously purged with 
N2 to prevent corrosion by the precursor and reaction by-products. 

The inductively coupled plasma (ICP) source consists of a multiple-turn copper coil 
wrapped around a 6 cm diameter quartz tube. The source is powered by a function 
generator at 13.56 MHz and a broadband amplifier providing a maximum plasma power of 
100 W. The impedance is matched to the source by a manual matching unit consisting of 
two parallel placed vacuum capacitors in a Pi-network configuration. The power 
incoupling to the plasma source stabilizes 0.5 s after the plasma ignition. The plasma gas 
can consist of H2, N2 and O2 (all > 99.999% purity) or their mixtures and was fed into the 
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ICP source using a gas manifold with leak valves. In the current project we also added NH3 
gas (> 99.995% purity) as an option to this gas manifold to be able to use NH3 plasmas. A 
working pressure of 0.01 mbar was used for all plasma gas mixtures. 

The substrate temperature is controlled by a resistive heater and a thermocouple in 
the substrate holder (25 °C – 400 °C). We implemented automatic temperature control via 
a proportional-integral-derivative (PID) control box (Eurotherm, model 2416) which reads 
the temperature from the thermocouple and regulates the power to the heater to reach and 
maintain the set point temperature. The substrate holder is designed for 2” samples. For the 
usage of 4” samples a metal table was made which can be placed on top of the 2” holder. 

In situ spectroscopic ellipsometry (SE) is performed via optical viewports to monitor 
the film growth (Fig. 2.1). During deposition the SE viewports in the reactor are protected 
against deposition with gate valves. For optical emission spectroscopy (OES) 
measurements a viewport on the side of the reactor was used. 

 
FIG. 2.2. The PDMAT dosing system: (a) the argon flows into the reactor through the 
normal line, stabilizing the flow and purging the line, (b) the argon flow is diverted 
through the PDMAT bubbler, transporting PDMAT vapor into the deposition chamber. 

For the delivery of the PDMAT precursor necessary for TaNx deposition a precursor 
dosage system was developed. Solid PDMAT precursor from Sigma-Aldrich (99.9% 
purity) is heated (75 °C) by heating tape to obtain an adequate vapor pressure. An argon 
flow resulting in a working pressure of 0.04 mbar is used in a cross-over setup (Fig. 2.2) to 
improve PDMAT transport to the deposition chamber. In this setup the Ar flow through the 
normal line can be diverted through the PDMAT bubbler, transporting PDMAT vapor into 
the deposition chamber. After PDMAT dosing, the Ar flow is diverted back through the 
normal line to purge the chamber. To reduce precursor condensation, the chamber walls, 
the gate valves and the precursor supply line are all heated up to a temperature of ~80 °C 
by heating tape. 
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FIG. 2.3. A schematic configuration of the gas and valve manifold of the remote plasma 
ALD setup. The manual, automatic, gate and leak valves are indicated and the gauges 
measuring pressure are shown. 

The valves controlling the pressures and flows in the setup are shown in Fig. 2.3. For all 
gasses to the deposition chamber (H2, N2, O2, NH3 and Ar) the automatic valve was placed 
downstream of the leak valve (Fig. 2.3). This configuration was used to immediately stop 
the gas flow after closing the automatic valve. 

The gas independent Baratron pressure gauge (range 10-4 mbar to 1 mbar) is used to 
set the gas flows by their working pressure. To monitor the vacuum quality a Pfeiffer Cold 
cathode and Pirani combination pressure gauge (range 5×10-9 mbar to 103 mbar) is used. 
An automatic valve is used to protect this gauge against deposition. To monitor the 
operation of the pumps an additional gauge (Pfeiffer Pirani) is used to measure the pressure 
in between the turbo molecular pump and the rotary pump. 

Figure 2.4 shows the changes in chamber pressure as monitored by the Baratron 
pressure gauge during the ALD cycle. The PDMAT and plasma exposure are indicated. 
The gas present between the automatic and leak valve results in a pressure spike at the start 
of the argon and plasma gas mixture flow as shown in Fig. 2.4. After the pressure spike the 
flows stabilize to 0.04 mbar and 0.01 mbar for the argon and the plasma gas mixture 
respectively. 
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FIG. 2.4. The changes in chamber pressure as monitored by the Baratron pressure gauge 
during a typical remote plasma ALD cycle. The first part is due to an argon flow and the 
second part due to the plasma gas mixture. The PDMAT and the plasma exposure 
durations are indicated. 

2.2 Remote plasma ALD cycle 
To completely time separate the precursor and the plasma step in the reactor and to obtain 
adequate dosage of precursor and plasma, the sequence and timing of operations in a cycle 
were well considered. One consideration was that the power input into the plasma would 
be seriously affected or even stop when a conductive layer is deposited in the plasma 
source. Therefore the top valve is closed during the PDMAT dosing preventing deposition 
of conductive TaNx in the plasma source. The bottom valve to the pumps is continuously 
open. 

 
FIG. 2.5. A schematic of a typical remote plasma ALD cycle. The cycle time is ~37 
seconds and the step durations are indicated in seconds. 

Figure 2.5 shows a schematic of the remote plasma ALD cycle that can be qualified as 
“standard” in this work. The first part of the cycle is the PDMAT step. The cycle starts 
with an argon flow and after flow stabilization the argon flow is diverted through the 
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PDMAT bubbler. After adequate dosage the argon flow is diverted back through the 
normal line to purge this line and the reactor chamber. The argon flow is stopped and the 
chamber is pumped down, resulting in a pressure of ~2×10-4 mbar, before the plasma step 
starts. For the plasma step first the top valve is opened. When this valve is completely open 
a H2 gas flow is started and after the flow stabilizes, the plasma power is switched on. 
After a certain plasma exposure the plasma power is switched off. The purging step with 
H2 gas can be short since the reactive plasma species are lost quickly. The chamber is 
pumped down to ~2×10-4 mbar to remove reaction products before the top valve is closed 
and the cycle can be repeated. The standard conditions used were a 5 s PDMAT dosing, a 
10 s H2 plasma exposure and a substrate temperature of 225 °C. These standard conditions 
were determined from variation of the PDMAT dosage time, the plasma exposure time and 
the substrate temperature as will be shown in Section 4.1. 

2.3 Setup control 

 
FIG. 2.6. The LabVIEW program user interface for the remote plasma ALD process. 
The setup can be controlled manually by selecting a reactor part (left side) or a specific 
number of cycles can be run with the selected timings (right side).  

As was shown in the previous section multiple valves have to be opened and closed during 
a cycle to separate the half-reactions of ALD. Moreover, the cycles are repeated up to 
several hundreds of times to deposit a film. Therefore the setup was automated using 
National Instruments compact Fieldpoint programmable automation controllers (PACs) 
and National Instruments LabVIEW software. In Fig. 2.6 the user interface of the 
developed program is shown. The setup can be controlled manually by selecting specific 
reactor parts (left side figure) or a specific number of cycles can be run with selected 
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timings (right side figure). During operation we found that valves can fail due to wear. The 
following main safeties are implemented during the cycle to detect valve failure and 
prevent possible damage caused by it: 

• Verify if the pressures are in the correct range (bottom right of Fig. 2.6) at the start 
of the PDMAT dosing and plasma exposure. 

• Verify if the top valve is open when the plasma gas starts and verify if the top valve 
is closed when the argon flow is started. 

The time it takes to open and close the top valves is measured and can give an indication of 
the wearing down of the valve. During manual control certain actions are prohibited to 
prevent damage to the reactor (for instance starting a plasma without gas flow). These 
safeties can be disabled by entering “unsafe” mode. Continuous pressure and substrate 
temperature logging were implemented in the program (Fig. 2.4). 

2.4 Diagnostics 
Various diagnostics were used in the work described in this report. In this section the 
experimental details and specifications of the in situ and ex situ diagnostics are given. The 
measurement procedures are shown in later chapters. 

2.4.1 In situ diagnostics 
In situ spectroscopic ellipsometry (SE) was used to study the thin film growth. With proper 
modeling of the dielectric function (Chapter 3) SE gives the thickness and resistivity of the 
deposited film. In situ SE was performed using a J.A. Woollam, Inc. M2000U visible and 
near-infrared SE (0.75 – 5.0 eV). The in situ SE measurements are performed at a fixed 
angle of incidence of 68° with respect to the substrate normal. Also a M2000D visible and 
ultraviolet extended SE (1.2 – 6.5 eV) is available ex situ to determine the dielectric 
function further into the UV region. The measurement and data analysis are performed 
using WVASE32® ellipsometry analysis software. 

For studying the reaction processes, in situ mass spectrometry and optical emission 
spectroscopy (OES) are used. Gas phase stable species were monitored by a quadrupole 
mass spectrometer (QMS200 from Pfeiffer with an ionizing electron energy of 70 eV) 
connected to the reactor via a pinhole. Partial pumping was used to keep the QMS at the 
required low pressure (<10-5 mbar). Emission of excited plasma species was observed with 
OES using an Ocean Optics USB2000 spectrometer with a wavelength detection range of 
250-870 nm and a resolution of approximately 1 nm. The light was collected by an optical 
fiber placed in front of a glass window in the deposition chamber. The typical integration 
time was 100 ms. 

2.4.2 Ex situ diagnostics 
Ex situ resistivity measurements were carried out at room temperature using a Signatone 
four-point probe (FPP) in combination with a Keithley 2400 Sourcemeter acting both as 
current source and as a voltage meter. The resistivity was determined from the slope of the 
I-V curve. 

Infrared absorption spectra of the TaNx films were measured by ex situ Fourier 
transform infrared (FTIR) spectroscopy with a Bruker Vector 22 in the 370–8000 cm-1 
range with a resolution of 4 cm-1. The measurements were taken at normal incidence. 

Determination of the film composition and microstructure was carried out at the 
Philips Research Materials Analysis Lab. Film composition was determined using 
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Rutherford backscattering spectrometry (RBS) and elastic recoil detection (ERD) using 2 
MeV 4He+ ions. For microstructure study X-ray diffraction (XRD) was used using a Philips 
X’Pert MPD diffractometer equipped with a Cu Kα source (1.54 Å radiation). For 
thickness and mass density determination X-ray reflectometry (XRR) measurements were 
performed on a Bruker D8 Advance X-ray diffractometer. 
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3 Spectroscopic Ellipsometry on TaNx 
In previous work, it was shown that in situ SE is a powerful tool to study the PA-ALD 
process of TiN films, yielding information on thickness and material properties such as 
mass density and electrical resistivity [10]. Here we will show that for the complex TaNx 
phase system in situ SE also gives information about thickness and material properties. To 
this end we constructed optical models to describe the deposited TaNx. These models were 
shown to be plausible and with these models we could extract the dielectric function, the 
film thickness and material properties such as band gap and electrical resistivity. The 
thickness and electrical resistivity were corroborated by XRR and FPP measurements 
respectively. The infrared absorption by conduction electrons was measured with Fourier 
transform infrared spectroscopy (FTIR). The method for determining the growth rates from 
the data presented in this report is explained at the end of the chapter. 

3.1 Principle of spectroscopic ellipsometry 

Substrate

E

E

P

S

Θ

Thin film

 
FIG. 3.1. A schematic showing the polarization change due to difference in reflection 
coefficient for p- and s-polarized light on a sample. The angle of incidence Θ is 
indicated. 

Ellipsometry measures the change in polarization state of light reflected from the surface 
of a sample. For a sample with thin films the change in polarization state depends on the 
dielectric function of the sample and the thicknesses of the films composing the sample 
with each their specific dielectric function. Therefore ellipsometry can be used to 
determine dielectric functions and film thicknesses. The change in polarization is given by 
the complex ellipsometric parameter ρ  which is expressed in terms of the two real-valued 
parameters Ψ and Δ. These values are related to the ratio of the Fresnel reflection 
coefficients pR  and pR  for p- and s-polarized light respectively by the following equation: 
 

  tan( )p i

s

R e
R

ρ Δ= = Ψ . (1) 
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Because ellipsometry measures the ratio between two values it is generally insensitive to 
background light and light source fluctuations. This makes ellipsometry highly accurate 
and very reproducible. By measuring Ψ and Δ over a wide wavelength range using 
spectroscopic ellipsometry, the wavelength dependence of the dielectric function can be 
determined. Vice versa when a relation is known for the dispersion of the material the 
measured Ψ and Δ can be fitted to give the dielectric function and thickness of a thin film 
on a substrate. 
 The choice of angle of incidence (Θ in Fig. 3.1) has a large influence on the 
sensitivity of the SE. In this work an angle of incidence close to the Brewster angle of 
silicon was chosen to enlarge the sensitivity of the SE when measuring on silicon-based 
substrates (in situ 68° and ex situ 75°, both with respect to the substrate normal). 

3.2 SE model 
In order to extract the parameters of interest from the SE measurement first a model needs 
to be constructed of what are believed to be the optical properties of the sample. The model 
can consist of multiple layers and the optical constants and thicknesses of these layers 
determine the optical response to the light. The SE software calculates the  Ψ and Δ 
resulting from the model and these are then compared to the measured Ψ and Δ to 
determine the accuracy of the model parameters. The mean-squared error (MSE) is used as 
a measure for the difference between the measured and the generated Ψ and Δ [11]. The 
model parameters are fitted using the Levenberg-Marquardt algorithm to minimize the 
MSE. 

Instead of using a model for the dispersion relation it is also possible to directly 
extract the dielectric function by direct numerical inversion [12]. With this method the 
thickness of the layer has to be estimated on forehand and the dielectric function is then 
extracted by a point-to-point fit of the optical constants at each wavelength. The thickness 
estimate can be verified by reviewing the returned dielectric function. Further information 
on SE can be found in the literature [11, 13]. 

(a)                    (b)  
 

FIG. 3.2. Basic SE models used throughout this work: (a) the model used at the start of 
deposition, the substrate is modeled as a semi-infinite layer, (b) the model used during 
or after deposition, a semi-infinite substrate with a film with finite thickness on top. The 
interference in the film is schematically shown. 

Figure 3.2(a) shows the model used at the start of the deposition and (b) during the 
deposition of TaNx. The TaNx films are deposited on c-Si wafers which have a thin layer of 
1-2 nm of native oxide. To ensure that the fitting of the TaNx layer does not include any 
misfits of the substrate, the substrate dielectric function is fitted using the method of direct 
numerical inversion. The resulting semi-infinite layer is shown in Fig. 3.2(a). On this layer 
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the TaNx film is modeled as a single layer as shown in Fig. 3.2(b). No additional roughness 
layer is expected for ALD which is corroborated by AFM measurements resulting in a 
surface roughness less than 0.3 nm. 

3.3 Dielectric function of TaNx 
In the literature, it is reported that TaNx can exist in many stable phases ranging in 
character from metallic for TaN to semiconducting for Ta3N5 [1, 2]. To extract physical 
properties such as thickness from the SE model the dielectric function needs to modeled 
properly. Therefore one model was constructed for the metallic phase and one for the 
semiconductive phase which will be used further on to distinguish between the different 
TaNx phases deposited. 

3.3.1 Conductive TaNx 
In the literature it was reported that the dielectric function ε(ω) of reactively sputtered 
TaNx films can be described well by a Drude-Lorentz model containing one Drude term 
and two Lorentz oscillators [14]. The same model is used for the conductive TaNx films 
deposited in this work. The Drude term accounts for intraband transitions related to 
absorption by conduction electrons and is therefore directly related to the electrical 
properties of the material as will be shown below. The two Lorentz oscillators account for 
interband transitions related to absorption by bound electrons. The following 
representation was chosen [15]: 
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where ε∞  is equal or larger than unity to compensate for the contribution of higher-energy 
transitions that are not taken into account by the Lorentz terms. The Drude term is 
characterized by the unscreened plasma energy puω  and the damping factor DΓ . The 

Lorentz oscillators are located at energy positions 0 jω , with strength jf  and damping 
factor jγ . The material properties electrical resistivity ρ and mass density ρm can be 
calculated from the Drude term parameters [15]: 
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where ε0 is the permittivity of free space, e is the electron charge, N0 is Avogadro’s 
number, Z is the number of conduction electrons per atom, A is the atomic mass of the 
material and m* is the effective electron mass. 
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FIG. 3.3. The real (ε1) and the imaginary part (ε2) of the dielectric function of the 
Drude-Lorentz model of a typical TaNx film as a function of photon energy. The total 
dielectric function and the dielectric functions of the individual components are shown. 

The dielectric function of a typical conductive TaNx film was modeled with the Drude-
Lorentz model. The conductive TaNx film was 31.6 nm thick and deposited at 225 °C 
using and ALD cycle consisting of 4 s PDMAT dosing and 10 s H2 plasma exposure. 
Figure 3.3 shows the real (ε1) and imaginary part (ε2) of the dielectric function of the 
typical TaNx film modeled with the Drude-Lorentz model. The individual oscillators are 
also indicated. A near infrared (NIR) extension was used to improve determination of the 
Drude term, while an ex situ SE with UV extension was used to improve the determination 
of the Lorentz oscillators (procedure shown in Appendix A.1). 

3.3.2 Semiconductive Ta3N5 
For the Ta3N5 phase no SE models were available in the literature. Coyne and Tauber 
reported that the band gap of non-conductive sputtered TaNx films ranges from 1.9 eV to 
2.6 eV increasing with its nitrogen content [16]. This band gap is in the photon energy 
range (0.75 – 5.0 eV) of the in situ spectroscopic ellipsometer and therefore a Tauc-
Lorentz model can be used to model the dielectric function [17, 18]. The imaginary part of 
the dielectric function of the Tauc-Lorentz model is given by: 
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where Eg is the band gap which is the minimum energy needed for the optical transition, E0 
is the peak transition energy, Γ the broadening parameter and A represents the optical 
transition matrix elements [18]. The real part ε1 is obtained by the Kramers-Kronig 
integration of ε2 and introduces an offset parameter ε∞  to the real part of the dielectric 
function. 
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FIG. 3.4. The imaginary part (ε2) of the dielectric function of the double Tauc-Lorentz 
model of a semiconductive TaNx film plotted versus photon energy. The total dielectric 
function and the dielectric functions of the individual components are shown. 

The dielectric function of a semiconductive TaNx film was modeled with the Tauc-Lorentz 
oscillator model. The semiconductive TaNx film was 49.0 nm thick and deposited at 225 
°C using and ALD cycle consisting of 5 s PDMAT dosing and 10 s NH3 plasma exposure. 
Figure 3.4 shows the dielectric function of the semiconductive phase of TaNx fitted with a 
double Tauc-Lorentz approach. We found that two Tauc-Lorentz oscillators are necessary 
for an accurate fit. It has been reported that the second oscillator accounts for crystalline 
fractions or higher energy transitions [19, 20]. 

3.4 Model optimization and physical parameter extraction 
Since the models for TaNx contain many parameters the uniqueness of the fit has to be 
checked to ensure that the extracted information is not dependant on the choice of starting 
parameters. 

The initial Drude-Lorentz model parameters for conductive TaNx are obtained from 
literature [14]. Contrary to the literature we found that due to high correlation of the two 
Drude parameters puω  and 

DΓ  (Eq. 2) an unique fit could only be found when one of the 
Drude parameters was fixed. This high correlation is explained by the fact that the first 
Lorentz oscillator overlaps significantly with the Drude term due to its high intensity and 
low energy location ( 12.9f ≈  and 0 2.3ω ≈  eV). Mistrik et al. reported data for a TaNx 
film with a less intense first Lorentz oscillator and a stronger Drude term which could 
result in a low correlation [14]. Of the two Drude parameters we chose to keep the Drude 
amplitude parameter 2( )puω  fixed because it is proportional to the mass density (Eq. 4) 
which varies less with deposition conditions than the resistivity (Eq. 3) as will be shown in 
Chapter 4. 

The Drude-Lorentz model was fitted with a wide range of Drude amplitude values in 
order to determine what effect the choice of the Drude amplitude has on the values of 
interest namely the film thickness and electrical resistivity. Of the fitted parameters it was 
found that the Drude broadening was the only one to vary significantly with variation of 
Drude amplitude. Table 3.1 shows the resulting Drude broadening, film thickness, MSE 
and resistivity for Drude-Lorentz fits with different fixed Drude amplitude values. It can be 
seen that over a large range of Drude amplitudes, the values of interest, the thickness and 
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resistivity, return the same values. Only for the very small Drude amplitude of 4 eV2 the 
resistivity deviates significantly. 
 

TABLE 3.1. The Drude broadening 
DΓ , film thickness, MSE and resistivity resulting 

from Drude-Lorentz fits with different choices of fixed Drude amplitudes puω . The 
fitting error is indicated. 

Drude parameters 
2( )puω   

(eV2) 
DΓ  

(eV) 

Thickness 
(nm) MSE Resistivity 

(μΩ cm) 

4 0.10 ± 0.03 28.7 ± 0.2 15.5 181 
10 0.996 ± 0.008 29.3 ± 0.2 9.5 741 
30 3.04 ± 0.02 29.4 ± 0.2 9.0 753 
90 9.08 ± 0.07 29.5 ± 0.2 9.7 750 

500 50.4 ± 0.4 29.5 ± 0.2 10.0 749 
 

The independency of choice for the Drude amplitude can be explained from the 
Drude term in Eq. 2. Since this term is only dominant in a small range with low photon 
energy as can be seen by ε2 in Fig. 3.3, it reduces to a term proportional to the ratio of the 
Drude parameters which causes the scaling of the Drude broadening with the amplitude. 
This results in a constant resistivity since the resistivity is also proportional to the ratio of 
the Drude parameters (Eq. 3). The Drude amplitude resulting in the lowest MSE is chosen 
further on, that is 2( ) 30puω = . 

The typical Drude-Lorentz model parameters for a thin and a thick TaNx film 
deposited by PA-ALD at 225 °C are shown in Table 3.2. The Drude amplitude and 
broadening are given for the Drude term. The oscillator strength, position, and broadening 
are shown for the two Lorentz oscillators and the offset term ε∞  is given. The values 
reported by Mistrik et al. for a reactively sputtered TaNx film at 400 °C are shown for 
comparison [14]. The values for this sputtered TaNx film show a stronger Drude term and 
smaller first Lorentz oscillator which might be caused by a lower resistivity and higher 
nitrogen content ([N]/[Ta] ≈  1) caused by the deposition process. The thicker TaNx PA-
ALD film shows minor changes in the Drude-Lorentz parameters indicating a minor 
change of material properties with film thickness. 
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TABLE 3.2. Typical Drude-Lorentz model parameters for a thin and a thick TaNx film 
deposited by PA-ALD with 5s PDMAT dosing and 10s H2 plasma exposure at 225 °C. 
The Drude amplitude and broadening are given for the Drude term. The oscillator 
strength, position, and broadening are shown for the two Lorentz oscillators and the 
offset term takes higher-energy terms into account. The fitting error is indicated. The 
values reported by Mistrik et al. for a reactively sputtered TaNx film at 400 °C are 
shown for comparison [14].  

Film 29.4 nm 
PA-ALD TaNx 

91 nm 
PA-ALD TaNx 

31.5 nm 
Sputtered TaNx 

Drude    
2( )puω  (eV2) 30* 30* 77.62 

DΓ  (eV) 3.04 ± 0.02 2.38 ± 0.02 1.91 

Lorentz    

1f  12.9 ± 0.1 13.5 ± 0.5 7.53 

01ω  (eV) 2.28 ± 0.04 2.03 ± 0.01 1.75 

1γ  (eV) 4.6 ± 0.1 3.9 ± 0.1 1.96 

2f  3.3 ± 0.2 3.8 ± 0.2 5.69 

02ω  (eV) 6.2 ± 0.1 6.6 ± 0.2 7.71 

2γ  (eV) 2.8 ± 0.2 3.5 ± 0.2 7.17 

ε
∞

 2.2 ± 0.1 1.8 ± 0.2 1.47 
 

* value kept fixed in Drude-Lorentz fit. 
 
All parameters in the double Tauc-Lorentz model of the semiconductive Ta3N5 phase were 
fitted. Typical fitted parameters for the semiconductive Ta3N5 phase are shown in Table 
3.3. The second Tauc-Lorentz parameter A has a high uncertainty but the parameters of 
interest, i.e. the thickness and band gap, can be accurately determined. The first band gap 
at 2.16 ± 0.01 eV is located in the range reported in the literature (i.e. 1.9 eV to 2.6 eV) 
[16]. 
 

TABLE 3.3. Typical double Tauc-Lorentz model parameters for a semiconductive TaNx 
film deposited by PA-ALD with 5s PDMAT dosing and 10s NH3 plasma exposure at 
225 °C. The fitting error is indicated. 

Tauc-Lorentz oscillators Thickness 
(nm) MSE ε

∞
 A (eV) E0 (eV) Γ (eV) Eg (eV) 

58 ± 2 3.83 ± 0.03 1.94 ± 0.05 2.16 ± 0.01 48.42 ± 0.02 13 1.16 ± 0.08 317 ± 168 4 ± 1 7.7 ± 0.5 3.43 ± 0.06 
 

3.5 Thickness and resistivity corroborated by XRR and FPP 
The two parameters thickness and resistivity which are extracted from the in situ SE model 
are independently verified by ex situ diagnostic techniques. XRR thickness measurements 
and FPP resistivity measurements are used. 
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FIG. 3.5. Comparison of the thickness values calculated by SE modeling and measured 
by XRR for different conductive and semiconductive TaNx films. The dashed line 
denotes an equal thickness for XRR and SE measurements. The error bars for the XRR 
and SE measurements are within the data points (0.5 nm).  

Figure 3.5 shows a comparison of the thickness values calculated by SE modeling and 
measured by XRR for different conductive and semiconductive TaNx films. The thickness 
values correspond well for both conductive and semiconductive films showing the validity 
of both the Drude-Lorentz and double Tauc-Lorentz approach by demonstrating the 
accurate determination of thickness with SE. The conductive TaNx film around 90 nm 
shows the largest difference which can be explained by the fact that due to the thickness, 
the film is opaque for wavelengths λ < ~650 nm which makes thickness determination with 
SE less accurate. 

The resistivity measured with in situ SE at 225 °C calculated using Eq. 3 is compared 
to the resistivity measured with FPP at room temperature. Since resistivity can be 
temperature dependent the temperature coefficient of resistivity (TCR) in principle needs 
to be taken into account to convert the resistivity at 225 °C to the room temperature 
resistivity. In the literature the TCR is usually expressed as ppm/K which is the resistivity 
change with temperature divided by the room temperature resistivity times 106. The TCR 
was measured with in situ SE using the same approach as was used for TiN in previous 
work for TaNx deposited with 10 s plasma [10]. The resulting TCR was small and negative 
(-30 ± 30 ppm/K) which is close to the TCR value -100 ± 30 ppm/K reported in the 
literature [21]. Baba and Hatada also showed that the TCR value varies little over a wide 
[N]/[Ta] ratio range [21]. Due to the small TCR and the small variation with [N]/[Ta] ratio, 
the resistivity measured with in situ SE can be directly compared to the room temperature 
resistivity determined by FPP. 
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FIG. 3.6. Comparison of the resistivity values calculated by SE modeling and measured 
by FPP for different conductive TaNx films with different H2 plasma exposure times. 
The dashed line denotes an equal resistivity for FPP and SE measurements. 

Figure 3.6 shows a comparison of the resistivity values calculated by SE modeling and 
measured by FPP for different conductive TaNx films with different H2 plasma exposure 
times. For films which were deposited with a plasma exposure time longer than three 
seconds the resistivities agree and in situ SE is a fair tool for resistivity determination. For 
a plasma exposure time of three seconds the resistivity determined from the Drude-Lorentz 
model is inaccurate. This can be explained by the fact that for some films deposited with 3 
s plasma the impurities result in a too high resistivity for the Drude term to be determined 
correctly and the very low resistive film deposited with 3 s plasma is not properly modeled 
by Drude-Lorentz due to its composition or structure which is discussed further in Section 
4.2.2. 

3.6 Fourier transform infrared spectroscopy 
From ε2 in Fig. 3.3 it is clear that the Drude term accounting for conduction electron 
absorption increases sharply towards the infrared region. This basically means that 
absorption in the infrared is large. Ex situ Fourier transform infrared (FTIR) spectroscopy 
was used to measure the absorption in the infrared directly. Both the transmission spectrum 
of a clean c-Si substrate and a c-Si substrate with TaNx film on top was measured. The 
transmission spectrum of the c-Si with TaNx was divided by the transmission spectrum of 
the clean c-Si sample to calculate the transmission spectrum of the TaNx film. It was found 
that the transmission spectra are relatively flat and that it is the magnitude of absorption 
that varies the most for different films. Therefore the transmittance at a single photon 
energy can be used when comparing different films. 
 When the Drude term dominates the infrared absorption two relationships are 
expected for the transmittance. Firstly a stronger Drude term should result in a lower 
transmittance and secondly a thicker film should also result in a lower transmittance since 
there is more absorbing material. Combining these relations we expect that the 



 

   22

transmittance should scale with the sheet resistance, which is the resistivity divided by 
thickness, since the resistivity is inversely proportional to the Drude term.  

9.5 nm

67 nm

26 nm

9.8 nm

32 nm

91 nm

28 nm

52 nm

0 1000 2000 3000 4000
0.0

0.2

0.4

0.6

0.8

1.0

 H2 plasma
 H2/N2 (98:2) plasma

 

Tr
an

sm
itt

an
ce

 @
 0

.3
 e

V

FPP Sheet resistance (Ω/sq.)
 

FIG. 3.7. The transmittance of TaNx films for photons with 0.3 eV energy as a function 
of the FPP sheet resistance for films deposited with different H2 plasma exposure times 
and film thicknesses (shown as a label). A sample deposited with H2/N2 (98:2) plasma is 
also shown. The line serves as a guide to the eye. 

Figure 3.7 shows the transmittance of TaNx films for photons with 0.3 eV energy as a 
function of the FPP sheet resistance for films with different H2 plasma exposure times and 
thicknesses. A sample deposited with H2/N2 (98:2) plasma is also shown. It can be seen 
that most points follow a single line showing that sheet resistance is related to absorption. 
The one data point not following the trend is a thick film deposited with a H2/N2 (98:2) 
plasma. From SE we know that this film has a dominant first Lorentz oscillator and 
therefore absorption by bound electrons is not negligible for this film at 0.3 eV. The 
dominant Lorentz oscillator could be caused by the higher nitrogen content of the film due 
to the H2/N2 plasma. 
 When absorption is dominated by the Drude term FTIR transmittance 
measurements could be used as a diagnostic for sheet resistance. One possible application 
is the in situ determination of sheet resistance. 

3.7 Growth rate determination 
To investigate the saturation behavior of ALD processes the growth rate is required. For 
growth rate determination the thickness as a function of number of cycles is required. For 
this, SE can be used since it is accurate in the determination of film thickness as was 
shown by the comparison with XRR (Fig. 3.5). The following procedure shows how the 
growth rate was determined from the thickness measurements during deposition. 
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FIG. 3.8. The TaNx film thicknesses measured in between cycles with SE plotted versus 
the number of ALD cycles. The SE model parameters were optimized at the end of the 
deposition. The thicknesses were fitted with a linear fit to extract the growth rate. 

During the ALD process, the deposition is stopped after a certain amount of cycles and a 
SE measurement is done after which the ALD process is continued. This procedure is 
repeated until the end of the deposition where the SE model parameters are fitted. For 
higher accuracy the resulting model parameters are used to refit the thicknesses of the 
previous SE measurements (plotted as a function of ALD cycles in Fig. 3.8). These 
thicknesses can be fitted with a linear fit which returns the growth rate. 

The saturation curves in the next chapter were determined by varying a parameter 
with each 80 cycles during deposition while keeping the other process parameters constant. 
SE measurements were performed after each 10 ALD cycles and the growth rate was 
calculated from the increase in thickness over 80 cycles. The growth rates were found to be 
similar to the growth rates determined from separate depositions of thick films (~ 30 nm) 
at constant process parameters showing the high accuracy of the in situ variation method. 
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4 Growth and properties of TaNx 
In this chapter the growth and material characterization of plasma assisted ALD of TaNx 
were studied. Since conductive TaNx is the material of most interest the TaNx deposited 
with a pure H2 plasma is addressed and investigated most extensively. The ALD saturation 
behavior is checked and the material properties are shown. The effects of deposition 
parameters on the material properties and growth are reported. The copper barrier 
properties are show at the end of the chapter. Several diagnostics (SE, RBS, XRD, XRR, 
FPP) are used throughout these investigations. 

4.1 Saturation behavior 
The advantages of ALD are only present when the conditions are such that the growth 
processes are self-limiting and the growth rate saturates. In this section it is studied what 
parameter ranges show this saturation behavior. To this end the growth rates were 
determined with in situ SE by the method discussed in Section 3.7 for various process 
parameters. The growth rates shown are determined from films where one process 
parameter was varied during the deposition of the film and from separate thick films 
deposited under constant conditions. 
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FIG. 4.1. The growth rate measured with SE as a function of (a) PDMAT dosing time 
and (b) plasma exposure time. The growth rates shown were determined from films 
where one process parameter was varied throughout the deposition of a film and from 
separate thick films deposited under constant conditions. The data points were fitted by 
(a) a single and (b) a double exponential function. 

First the saturation behavior is shown for the two exposure steps in the ALD cycle. Figure 
4.1(a) shows the effects of varying PDMAT dosing time on growth rate. The growth rate 
saturates after 3 seconds PDMAT dosing. In Fig. 4.1(b) the effect of the plasma exposure 
time on the growth rate is shown. The first three seconds show an increase in growth rate, 
after which the growth rate saturates slowly. Both saturation curves were fitted with 
exponential functions of the form (1 )bxA e−−  following the simple growth models 
described by Puurunen et al. [22]. The PDMAT exposure variation data can be fitted by a 
single exponential function. The plasma exposure variation data needs two exponential 
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functions to be fitted. This indicates that processes with two different timescales are acting 
during the plasma step. What these processes might be will be investigated in Chapter 5. 

Comparing our growth rates with literature we see that Kim et al. reported a growth 
rate of 0.031 nm/cycle for the PA-ALD process with PDMAT precursor and H2 plasma 
exposure [3]. In that work the growth rate was determined by measuring the deposited 
mass per cycle with RBS, and converting the mass per cycle to the growth per cycle using 
the cubic TaN density of 15.9 g/cm3. For a more accurate estimate of growth rate the real 
mass density should be used which we estimate to be similar to the mass density we 
measured (Table 4.1, 10.4 g/cm3). The growth rate then becomes 0.047 nm/cycle which is 
close to the 0.049 nm/cycle we found. Park et al. who studied the PA-ALD process with 
TBTDET and H2 plasma found a higher growth rate of 0.08 nm/cycle [8]. This difference 
is likely due to the usage of a different precursor. 
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FIG. 4.2. The growth rate measured with SE as a function of deposition temperature. 
The growth rates shown were determined from films where one process parameter was 
varied throughout the deposition of a film and from separate thick films deposited under 
constant conditions. The data is fitted with a linear function. 

Figure 4.2 shows the growth rate as a function of deposition temperature. 5 s of PDMAT 
dosing and 10 s of H2 plasma exposure are used to ensure that these exposure steps are 
long enough for growth saturation. It can be seen that there is almost no variation of 
growth rate with deposition temperatures down to 150 °C suggesting growth saturation 
under all conditions used. Kim et al. reported that the growth is self-saturated in the range 
~200 °C to ~250 °C [3]. For 150 °C they found a low growth rate of 0.01 nm/cycle. They 
attributed this lower growth rate to not having saturated growth. This could be due to the 
shorter plasma exposure time of 5 s used in their experiments. 

4.2 Material properties 
Since TaNx can exist in many phases with different [N]/[Ta] ratios it is important to 
investigate the properties of the deposited material and their dependence on the deposition 
conditions. Therefore first the material properties are determined for the standard 
conditions at different deposition temperatures. Secondly the effect of plasma exposure 
time is investigated and the resistivity change with thickness is addressed. When N2 is 
added to the plasma or when a NH3 plasma is used the resistivity increases, finally 
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resulting in the deposition of the semiconductive Ta3N5 phase. The usage of SE as an in 
situ tool to distinguish between the different TaNx phases is demonstrated. 

4.2.1 Deposition temperature 
 

TABLE 4.1. The mass density and atomic composition measured with XRR and RBS 
for TaNx films deposited with 10 s H2 plasma and various substrate temperatures. The 
[N]/[Ta] ratio is calculated. The resistivity measured by FPP is also shown. The 
detection limit for species such as C is <2%. 

Mass Density 
(g/cm3) Content (at. %) Deposition 

Temperature 
(°C) RBS XRR Ta N O C 

[N]/[Ta] ratio Resistivity 
(µΩ cm) 

150 10.5 ± 0.5 10.5 ± 0.5 49 27 15 10 0.55 1.3×103 

225 10.4 - 59 29 12 <2 0.49 1.2×103 

225 - 12.0 - - - - - 9.0×102 

225 - 11.4* - - - - - 7.0×102* 

250 10.8 11.3 40 29 14 17 0.73 6.5×102 
 

* 91 nm film instead of the other films which all had a thickness around 30 nm. 
 
The material properties of the TaNx deposited at standard conditions (5 s PDMAT, 10 s H2 
plasma) were determined for various temperatures (Table 4.1). The mass density measured 
with XRR and RBS is shown, where the RBS mass density was calculated using the 
thickness determined by SE and the areal mass density determined by RBS. The 
composition and the [N]/[Ta] ratios of the films determined by RBS, and the FPP 
resistivities are indicated. The RBS mass densities are in good agreement with the mass 
densities determined with XRR. 

The density of the H2 plasma deposited TaNx films is smaller than the theoretical 
density for cubic TaN 15.9 g/cm3 [3], but higher than the density of 7.9 g/cm3 found by 
Park et al. [8]. Only small variation in mass density is observed with deposition 
temperature. Kim et al. reports a [N]/[Ta] ratio of 0.75-0.8 for TaNx deposited at 250 °C. 
We found a similar ratio of 0.73 at this temperature and we showed that for a deposition 
temperature of 225 °C, this ratio decreases to 0.49. Kim et al. reports an O and C content 
of 14-15% at 250 °C similar to the composition we found [3]. Park et al. reports carbon 
content ranging from 15% to 35% increasing with plasma power. Carbon originates from 
the organic side groups of PDMAT as we will investigate in Chapter 5. Oxygen can come 
from impurities in the PDMAT, from native oxide on the substrate or from H2O in the 
deposition chamber. A thick film of 91 nm shows that microstructure and resistivity 
change with thickness as will be investigated further on. 
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FIG. 4.3. The XRD spectra for TaNx films deposited at different substrate temperatures. 
Also the XRD spectrum of a very thick TaNx film is shown and the diffraction pattern 
for a cubic TaN powder sample is indicated at the bottom. The data is vertically shifted 
for clarity. 

Microstructure has a key determining influence on material properties such as resistivity 
[9] and barrier properties [3]. Figure 4.3 shows XRD spectra for the depositions at different 
temperatures and thicknesses. The peak intensities for a powder sample of cubic TaN are 
indicated (diffraction pattern shown in Appendix A.2). The XRD spectra of the TaNx films 
show a broad peak from the Si substrate at 2θ = 69° and clear peaks at the locations of the 
peaks for cubic TaN, showing that the deposited material has a polycrystalline cubic TaN 
structure. The relative intensities are not the same as for a powder sample, indicating a 
preferential (200) growth direction. The thick film has a more pronounced preferential 
growth direction showing that the microstructure changes with thickness. This preferential 
(200) growth direction was not observed by Kim et al. for PA-ALD with PDMAT in the 
literature [3]. This could be due to a lower thickness since the thicknesses were not 
reported in the literature. For TaN deposited with TaCl5 precursor this preferential (200) 
growth direction was found but only for a specific deposition temperature range [7]. 

4.2.2 Plasma exposure time 
Figure 4.1(b) showed that the growth rate changed during plasma exposure. In this section 
it is investigated if this change in growth rate is accompanied by a change in material 
properties. Therefore the effect of plasma exposure time on resistivity, mass density and 
composition is studied. What reaction processes occur during the plasma exposure is 
studied in Chapter 5. 
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FIG. 4.4. The resistivity of the TaNx film as a function of H2 plasma exposure time in 
the ALD cycle. The resistivities were determined by SE and FPP. The line serves as a 
guide to the eye. 

Figure 4.4 shows resistivity as a function of H2 plasma exposure time. The resistivities 
were determined by in situ SE using Eq. 3 and by ex situ FPP. The general trend is that the 
resistivity decreases with plasma exposure time. This trend reaches the low resistivity of 
380 µΩ cm after 30 s plasma exposure. Measurements over a period of several months 
showed that this resistivity is stable. This resistivity is similar to the best values reported in 
the literature (3501 [3] – 400 µΩ cm [8]). 

As was shown in Section 3.5, SE only gives accurate resistivities for films with 
plasma exposures longer than 3 s. One film deposited with 3 s plasma had an exceptional 
low resistivity of 48 µΩ cm found by FPP which was not found with SE. This film proved 
to be special anyway and although the conditions during deposition could not be 
reproduced, the low resistivity was confirmed by a high infrared absorption by conduction 
electrons measured with FTIR. XPS revealed TaC bonds in this film (also seen for TaNx by 
Park et al. [8]) which indicates that the highly conductive TaC phase is present. Modine et 
al. showed that for TaC a single Drude oscillator is insufficient to give the correct 
resistivity which could also explain why SE modeling does not return the low resistivity 
[23]. 
                                                 
1 Since Kim et al. used a sheet resistance measurement for the resistivity determination, the resistivity is 
probably underestimated due to a underestimate of the thickness [3]. 
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TABLE 4.2. The RBS results for films deposited with different plasma exposure times. 
The mass density is calculated using the RBS areal mass density and the SE thickness. 

Content (at. %) 
Plasma 

Mass 
Density 
(g/cm3) Ta N O C 

[N]/[Ta] ratio 

3s H2 9.1 42 32 15 10 0.76 

10s H2 10.4 59 29 12 <2 0.49 

30s H2 12.1 56 25 7 12 0.44 
 
Table 4.2 shows that also the mass density and composition change with plasma exposure 
time. The mass density increases with the plasma exposure time. The nitrogen and oxygen 
concentration decrease with plasma exposure time as well as the [N]/[Ta] ratio which 
decreases to 0.44. Furthermore, it is noted that the O and C contents are lower than 
reported in the literature (14-15%) [3]. 

4.2.3 Resistivity change with thickness 
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FIG. 4.5. The electrical resistivity of a TaNx film as a function of film thickness. Two 
datasets are shown. The in situ SE values were determined during growth of a thick 
film, while with ex situ FPP three films with different thicknesses were measured. 

Application wise thin conductive films are very important as shown in Chapter 1. The 
electrical resistivity of thin films is one property which is known to depend on thickness 
and therefore the change in resistivity with thickness is studied [10]. Figure 4.5 shows the 
resistivity of the deposited TaNx as a function of film thickness. For the resistivity from 
SE, the Drude-Lorentz model was optimized at half thickness and the damping factor DΓ  
and layer thickness were fitted for each measurement. This approach was chosen to 
minimize the error over the entire thickness range. With FPP, three films with different 
thicknesses were measured. It can be seen that the resistivity decreases with thickness. At 
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low thicknesses the MSE increased resulting in a larger error for the calculated SE 
resistivity. The resistivity change with thickness can be caused by a change in 
microstructure (XRD) and by electron sidewall scattering which depends on the electron 
mean free path [10]. 

4.2.4 Plasma gas mixture 
 

TABLE 4.3. The material properties for films deposited with different plasma gas 
mixtures. The RBS mass density is calculated using the RBS areal mass density and the 
SE thickness. The resistivity was measured with FPP and the growth rate was 
determined with SE. 

Mass Density 
(g/cm3) Content (at. %) 

Plasma 
RBS XRR Ta N O C H

[N]/[Ta] ratio Resistivity 
(µΩ cm) 

Growth rate 
(nm/cycle) 

5s H2/N2 (98:2) 8.9 ± 0.5 - 43 43 15 <2 - 1 1.1×104
 0.052 ± 0.005

10s H2/N2 (1:1) 9.8 10.9 ± 0.5 33 51 7 <2 9 1.55 >2×105 0.052 

10s NH3 - 9.4 - - - - - - >2×105 0.054 
 
To study the effect of plasma gas composition on material properties different plasma gas 
mixtures were used to deposit TaNx. Instead of using a pure H2 plasma, N2 can be added to 
the plasma giving a H2/N2 plasma. Table 4.3 shows that adding a small amount (2%) of 
nitrogen to the plasma already results in an increase in nitrogen content and a large 
increase in resistivity compared to the results for TaNx deposited with a pure H2 plasma 
(Table 4.1). Using a 1:1 H2/N2 plasma gives a very high resistivity not measurable with 
FPP (detection limit ~2×105 μΩ cm for a 30 nm film) and a [N]/[Ta] ratio of 1.55. This 
results in a Ta3N4.6 composition, indicating that the deposited material is close to the pure 
semiconductive Ta3N5 phase. Kim et al. also added nitrogen to the plasma gas mixture 
used for PA-ALD of TaNx and found similar [N]/[Ta] ratios, but carbon impurities 
remained high (6%) [3],while we detected no carbon content when nitrogen was added to 
the plasma. The mass densities of 9.8 g/cm3 and 10.9 g/cm3 found with RBS and XRR 
respectively are close to the mass density of 9.85 g/cm3 for tetragonal Ta3N5 [24]. 

Another semiconductive Ta3N5 like film is deposited by using a NH3 plasma which 
results in the same high resistivity and a similar mass density of 9.4 g/cm3. The growth 
rates for all these gas mixtures are on the average higher than for a pure H2 plasma. This is 
caused by the incorporation of additional N from the plasma into the film. Comparing the 
NH3 plasma deposited film with the H2/N2 (1:1) plasma deposited film we find a lower 
XRR density and a higher growth rate which could suggest that the nitrogen content, which 
was not determined by RBS, is higher for the NH3 deposited film. 

When we compare the PA-ALD process using NH3 plasma with the thermal ALD 
process with NH3 gas reported in the literature we see that with the PDMAT precursor a 
growth rate of 0.05 nm/cycle was found which is similar to the 0.054 nm/cycle in this work 
[25]. Park et al. found a higher growth rate of 0.11 nm/cycle and a low mass density of 3.6 
g/cm3 when using the precursor TBTDET [8]. This higher growth rate can be caused by the 
lower mass density of the deposited film and by the chosen precursor since the H2 plasma 
process with TBTDET also showed a higher growth rate. Ritala et al. found a low growth 
rate of 0.025 nm/cycle with the thermal process with NH3 gas and TaCl5 [6]. 
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FIG. 4.6. The XRD spectra for H2/N2 and NH3 plasma deposited TaNx. The left broad 
peak results from amorphous TaNx, while the large peak on the right results from the 
silicon substrate. The data is vertically shifted for clarity. 

The microstructure of the semiconductive TaNx films is investigated using XRD. Figure 
4.6 shows the XRD spectra for TaNx films deposited with H2/N2 (1:1) plasma and NH3 
plasma. No sharp crystal lines are visible indicating amorphous material. Both films show 
a broad peak from amorphous TaNx [26], where the peak from the NH3 plasma deposited 
film is broader suggesting a more amorphous structure. 

4.2.5 Distinguishing TaNx phases with SE 
In Chapter 3 we observed that the dielectric function of TaNx depends greatly on the 
deposited phase. We saw that a Drude-Lorentz model was needed to describe the 
conductive phase and that the semiconductive phase could be described with a double 
Tauc-Lorentz model. Furthermore it was shown that from these models information on 
material properties such as resistivity and band gap can be obtained. 
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FIG. 4.7. The imaginary part (ε2) of the dielectric function of the TaNx films deposited 
with various plasmas are plotted as a function of photon energy. 

Figure 4.7 shows the modeled dielectric functions obtained by SE for films deposited with 
various plasmas, i.e. a 30 s H2 plasma, a 10 s H2 plasma, a 5s H2/N2 (98:2) plasma, a 10s 
H2/N2 (1:1) plasma, and a 10 s NH3 plasma. As shown in Table 4.2 and Table 4.3 these 
TaNx films have [N]/[Ta] ratios starting at 0.44 and ending close to 5/3. The large 
differences in the dielectric function show again that by changing the plasma exposure step 
the material properties can be changed. The reactions during the plasma step have a 
determining influence on the material properties and are therefore investigated in Chapter 
5. 

The first three lines show a dielectric function corresponding to the Drude-Lorentz 
model with for the 30 s plasma a very strong Drude term (low resistivity) and for the third 
line a very weak Drude term (higher resistivity). Both a H2/N2 and NH3 plasma result in a 
semiconductive like film with a band gap. The film deposited with a NH3 plasma shows 
negligible absorption below the band gap around 2.2 eV, while the film deposited with a 
H2/N2 plasma stills shows some absorption below its band gap around 1.9 eV. Both band 
gaps are in the range reported in the literature (1.9 eV to 2.6 eV) [16]. 

Although we did not measure the film composition by RBS of the NH3 plasma 
deposited TaNx we estimate that the composition is closer to that of semiconductive Ta3N5 
than for the H2/N2 (1:1) deposited Ta3N4.6 film since the optical properties are also closer 
to that of the semiconductive Ta3N5 phase, indicated by no absorption below the band gap 
and a higher band gap location indicating higher nitrogen content [16]. The nitrogen 
content was also suggested to be higher for the NH3 plasma deposited film in Section 4.2.4. 
Therefore the [N]/[Ta] ratio is expected to be between 1.55 and 1.67. 

Normally, determination of the deposited phase requires extensive ex situ analysis 
such as XRD measurements. We showed that in situ SE is an excellent tool to distinguish 
the different TaNx phases and that the properties of these phases can be determined in situ 
namely the resistivity for the conductive phase and the band gap for the semiconductive 
phase. 
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4.3 Copper diffusion barrier properties 
One of the main applications of TaNx is as a Cu diffusion barrier in interconnect 
technology. Therefore the diffusion barrier properties of our TaNx are tested. The 
temperature for which the Cu diffuses through the barrier layer was determined where a 
higher failure temperature indicates higher barrier quality. We used the standard deposition 
conditions (5 s PDMAT and 10 s H2 plasma at 225 °C) and deposited 29 nm of TaNx on 
two HF-dipped 4” c-Si wafers (conformal deposition shown in Appendix A.3). On one of 
these wafers a 50 nm Cu layer was sputtered by Philips Research. The other wafer was 
used as a reference. The wafer with Cu was used for the barrier test where diffusion of Cu 
through the layer will result in the formation of Cu3Si leading to an increase in resistance 
[27]. The wafer without Cu was used to check whether the TaNx film properties itself 
change during the annealing step. Two measurement series were done using two parts of 
each wafer, one ending at 450 °C and the other at 700 °C. For each single measurement the 
sample is heated up to the anneal temperature and then cooled down to 150 °C to measure 
the resistance with FPP. This sequence was performed to prevent any intrinsic influence of 
the temperature dependence of the copper, TaNx and c-Si resistivity. 
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FIG. 4.8. The resistivity of the TaNx film with and without a copper layer. The film 
without copper shows the change of resistivity for the TaNx film with temperature. The 
film with copper shows the barrier failure temperature. 

Figure 4.8 shows the resistance at 150 °C of the TaNx layer with and without copper layer 
as a function of anneal temperature. The two datasets with anneals up to 450 °C and up to 
700 °C are shown. The overlap in the datasets shows the reproducibility of the resistance 
measurement and of the annealing effects. 

The resistivity for the TaNx layer without copper decreases for temperatures higher 
than 400 °C. The fact that this happens at 400 °C instead of just above the deposition 
temperature of 225 °C demonstrates the thermal stability of the layer. The wafer with Cu 
layer gives a very low resistance (0.2 Ω) which is only lost when the Cu layer degrades due 
to diffusion of Cu into the Si. This is observed for annealing temperatures higher than 600 
°C.  As can be seen for the sample with Cu on top, the barrier properties remain intact 
during the resistivity improvement of the TaNx layer above 400 °C. 
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The Cu3Si formation and the accompanied loss of Cu can be measured with XRD. 
Therefore XRD spectra were measured for the four films after the annealing experiments. 
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FIG. 4.9. The XRD spectra of TaNx films on c-Si without a copper layer. The spectra 
for two samples annealed at 450 °C and 700 °C are measured. The most intense lines 
for the diffraction pattern of a cubic TaN powder sample are shown. The data is 
vertically shifted for clarity. 

The XRD spectra for the two TaN films without a Cu layer annealed at 450 °C and 700 °C 
are shown in Fig. 4.9. The most intense lines for the diffraction pattern of a cubic TaN 
powder sample are shown for comparison. The XRD spectra show no difference indicating 
that the improvement in resistivity of the TaNx film is not caused by a measurable change 
in microstructure. 

The XRD spectra for the two TaN films with a Cu layer annealed at 450 °C and 700 
°C are shown in Fig. 4.10. The most intense lines for the diffraction patterns of powder 
samples of cubic TaN, Cu and Cu3Si are shown. Three observations can be made 
comparing the XRD spectra: the TaN lines show no difference, the Cu lines are lower for 
the sample annealed at 700 °C and the Cu3Si lines appear only for the sample annealed at 
700 °C. The Cu3Si lines are most visible at the 2θ values 65° and 82°. These observations 
correspond with the suggested process that above 600 °C Cu diffuses through the barrier 
and forms Cu3Si resulting in a decrease in Cu. 

Kim et al. reported a failure temperature of 700 °C for a H2 plasma deposited 
TaN0.75-0.8 film [3]. Kim et al. and Rossnagel et al. also reported that an increase in N 
content increases the failure temperature [3, 28]. This corresponds with the fact that we 
have a slightly lower failure temperature (600 °C) and a lower N content for our film 
(TaN0.49, Table 4.2). A difference in microstructure can also have a large effect on failure 
temperature and therefore the difference in microstructure we found in Section 4.2.1 
compared to Kim et al. could further explain the difference in failure temperature [27]. 
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FIG. 4.10. The XRD spectra of TaNx films on c-Si with a copper layer. The spectra for 
two samples annealed at 450 °C and 700 °C are measured. The most intense lines for 
the diffraction pattern of a cubic TaN, a Cu and a Cu3Si powder sample are shown. The 
data is vertically shifted for clarity. 
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5 Reaction mechanisms 
Chapter 4 showed that the material properties of the deposited TaNx depend mostly on the 
characteristics of the used plasma exposure step. To obtain more insight into the reasons 
for this dependence more knowledge about the reaction mechanisms is required. Although 
reaction mechanisms have been researched for several materials deposited with thermal 
ALD, virtually no dedicated studies on the reaction processes during plasma assisted ALD 
have been reported so far. Only recently Heil et al. reported a study on the reaction 
processes during PA-ALD of Al2O3 using quadrupole mass spectrometry (QMS) and 
optical emission spectroscopy (OES) [29]. 

Kim et al. and Maeng et al. already speculated on the reaction mechanism during 
the PA-ALD process of TaNx with PDMAT precursor and a H2 plasma but based their 
speculations on TaNx film composition and results for thermal ALD of TiN from TDMAT 
and NH3 [3, 30]. In this chapter QMS and OES are used to gain insight into the reactions 
taking place during PA-ALD of TaNx. 
 

                
 

FIG. 5.1. A very basic scheme illustrating the surface reactions during (a) the PDMAT 
precursor step and (b) the H2 plasma step in the PA-ALD process. These reactions occur 
between the surface and the reactant (PDMAT precursor or H2 plasma) releasing gas 
phase products. 

Figure 5.1 is a very basic illustration of the reactions between the surface groups and the 
reactant during the PDMAT precursor step and the H2 plasma step in the PA-ALD process. 
During these surface reactions gas phase products are released. In this chapter, the reaction 
mechanism will be studied using QMS by monitoring the gas phase reactants and stable 
reaction products, giving insight into the surface reactions. 
 In the first two sections the reactants themselves are studied. The molecules formed 
in the plasma were measured and the cracking pattern of PDMAT in the QMS was 
determined. After that the reaction products are studied. Due to the self-limiting nature of 
the ALD process the reaction products can only be measured during the short period of 
time that the surface reactions take place. During this period the signals from the reaction 
products have to be separated from the signals from the reactants and the background 
signal. A systematic approach was used to distinguish the reaction products during this 
period. Combining the measurements on reactants and products results in information on 
the reaction mechanisms presented in the last section. 

To ensure that all measured reaction products originate from reactions at the same 
temperature, both the wall and substrate temperature were set to 150 °C. Therefore 
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reactions are representative for TaNx film growth deposited with 10 s H2 plasma at 150 °C 
shown in the previous chapter. 

5.1 Measuring molecules in plasma 
During PA-ALD the surface chemistry is mainly governed by radical species. However to 
determine the reaction mechanisms the stable molecules present in the plasma must also be 
determined. Due to the plasma chemistry new molecules can be formed in the plasma from 
the molecules in the used gas mixture and these molecules can possibly also react with 
surface groups. Therefore the molecules in the H2, H2/N2 and NH3 plasma used in this 
report are measured. For a H2 plasma no molecule formation is expected. When N2 is 
added to the H2 plasma, NH3 can be formed by the following net reaction [31, 32]: 
 
  2 2 33Η + Ν  2ΝΗ→ , (6) 
 
while in a NH3 plasma the opposite reaction can take place dissociating NH3 into H2 and 
N2. Most of the steps in these net reactions occur on surfaces and not in the gas phase [31, 
32]. This section shows the measurement of molecules in H2, H2/N2 and NH3 plasmas with 
QMS. 
 The QMS measures species by first ionizes the species by electrons. This ionization 
process can lead to fragmentation of molecular species. The ionized species and fragments 
are then detected by the QMS. Furthermore it is important to realize that it is not directly 
the mass of the ionized fragments that is measured with the QMS, but the mass-to-charge 
ratio (m/z). Since most fragments have charge one, m/z is in most cases the same as the 
mass. The pattern of lines detected due to the fragmentation of a particular molecule is 
called the cracking pattern of that molecule. To determine what causes the signals for 
different mass-to-charge ratios (m/z) first the key fragments and most probable parent 
molecules for the fragments are considered on the basis of cracking patterns in the 
literature (some patterns are shown in Appendix A.4). Table 5.2 shows the fragments and 
their most probable parent molecules in the case of our plasmas. The main impurity in the 
QMS was H2O and therefore the key fragments of H2O were added to Table 5.1. 
 

TABLE 5.1. The key fragments and their most probable parent molecules detected in 
the QMS during H2, H2/N2 and NH3 plasmas. The key fragments for H2O were added 
since it was the main impurity in the QMS and deposition chamber. 

Mass-to-charge ratio 
(m/z) Key fragments Most probable parent molecule(s) 

1 H+ H2 
2 H2

+ H2 
7 N++ NH3, N2 
8 O++ H2O 

14 N+ NH3, N2 
15 NH+ NH3 
16 NH2

+, O+ NH3, H2O 
17 NH3

+, OH+ NH3, H2O 
18 H2O+ H2O 
28 N2

+ N2 
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In order to study the molecule formation in plasmas three measurements are performed for 
each plasma: 

1. A mass spectrum was measured at base pressure to determine a baseline for the 
following spectra. The baseline shows the signal offset due to contaminants in the 
reactor vessel and mass spectrometer. 

2. The mass spectrum of the plasma gas mixture was measured to identify which 
molecules are present in the gas. Due to the pressure difference with the base 
pressure measurement the signal due to contaminants can change resulting in a 
change in baseline. 

3. The mass spectrum during the plasma was measured to detect the molecules 
present in the plasma. From these results it is possible to determine molecule 
formation and consumption in the plasma. Pressure differences due to formation 
and consumption can result in small baseline changes. 

5.1.1 Detecting molecules in a H2 plasma 
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FIG. 5.2. The mass spectra of: a base pressure measurement without gas flows, a H2 gas 
and a H2 plasma. The main parent molecules of the H2 and H2O fragments are indicated. 

Figure 5.2 shows the mass spectrum of a H2 gas on a logarithmic scale compared to the 
mass spectrum of a H2 plasma and the base signal level. The base pressure spectrum shows 
the presence of H2O in the background by its cracking pattern (m/z = 18, 17, 16). 
Comparing the mass spectrum of the H2 gas with the base spectrum we see an increase in 
the mass for H2 (m/z = 2) and some changes due to pressure effects as expected. A 
comparison between the mass spectrum of the H2 plasma and the spectrum of the H2 gas 
shows no clear differences. 
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5.1.2 Molecule formation in a H2/N2 plasma 
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FIG. 5.3. The mass spectra of: a base pressure measurement without gas flows, a H2/N2 
gas mixture (1:1) and a H2/N2 plasma (1:1). The main parent molecules of the fragments 
are indicated. 

Figure 5.3 shows the mass spectrum of a H2/N2 (1:1) gas mixture on a logarithmic scale 
compared to the mass spectrum of a plasma using the same gas mixture and the base signal 
level. The base pressure spectrum shows the presence of H2O in the background by its 
cracking pattern (m/z = 18, 17, 16). Comparing the mass spectrum of the gas mixture with 
the base spectrum we see an increase in the masses for H2 (m/z = 2) and N2 (m/z = 7, 14, 
28) as expected. A comparison between the mass spectrum of the plasma and the spectrum 
of the gas mixture shows an increase for m/z = 15, 16 and 17, which are the masses which 
correspond with the cracking pattern of NH3 (Table 5.1) indicating the formation of NH3 in 
the H2/N2 plasma. The accompanied decrease of H2 and N2 according to Eq. 6 is hardly 
visible due to the logarithmic scale. 

In order to investigate the amount of NH3 formed in the H2/N2 plasma, first the NH3 
m/z signals have to be calibrated. Calibrating the QMS for NH3 gas was done by 
introducing gas mixtures with known partial pressures of NH3 in the reactor. The volume 
fraction of NH3 was varied and the total pressure was kept constant at the same value used 
for the plasma gas mixture to prevent any pressure effects on the signal. With these known 
partial pressures for NH3 the relation between measured ion current and partial pressure 
was found. By calibrating using partial pressures instead of gas flows, effects due to 
different pump rates for different molecules in the turbo pump are largely taken into 
account. With this calibration the volume fraction of NH3 in the plasma can be calculated. 
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FIG. 5.4. The NH3 production in a H2/N2 plasma as a function of the partial pressure of 
H2 with respect to the total pressure. The NH3 amounts were calculated from the m/z = 
16 and 17 signal determined by the QMS. The percentages are with respect to the 
original gas mixture. 

Figure 5.4 shows the pressure fraction of NH3 in a H2/N2 plasma as a function of the partial 
pressure of H2 with respect to the total pressure. All percentages are with respect to the 
original gas mixture. It can be seen that the maximum in NH3 production is around 60% H2 
and that this gives about 5% of NH3, where all percentages are with respect to volume. In a 
separate study on expanding thermal plasma reactors of different geometries and volumes 
the maximum in NH3 production was found to be in the same range (60% - 70% H2) and 
magnitude (2% - 10% NH3 produced) [31, 32]. 
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5.1.3 Molecule formation in a NH3 plasma 
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FIG. 5.5. The mass spectra of: a base pressure measurement without gas flows, a NH3 
gas and a NH3 plasma. The main parent molecules of the fragments are indicated. 

In a NH3 plasma the opposite takes place of what happens in a H2/N2 plasma. That is, NH3 
is dissociated into H2 and N2. Figure 5.5 shows the mass spectrum of NH3 gas compared to 
the mass spectrum of a NH3 plasma and the base signal level. The base pressure spectrum 
shows the presence of H2O in the background by its cracking pattern (m/z = 18, 17, 16). 
Comparing the mass spectrum of the gas mixture with the base spectrum we can see an 
increase in some signals associated with the baseline shift due to the pressure increase and 
some signals are larger due to the cracking products of NH3 (m/z = 17, 16, 15, 14 from 
Table 5.1). When comparing the mass spectrum of the plasma with the spectrum of the gas 
mixture the following is observed: H2 and N2 are formed by dissociation of NH3 (inverse 
reaction of Eq. 6) as can be seen by the increase of m/z = 2, 7, 14 and 28. Most other lines 
show a slight increase caused by a pressure rise, due to the increase of the number of 
particles associated with the dissociation of NH3. The lines for NH3 (15, 16 and 17) do not 
increase and show thereby indirectly the decrease of the amount of NH3. 

A calibration was made to determine the amount of formed and dissociated 
molecules. In a NH3 plasma a large part of the NH3 is dissociated into H2 and N2 which 
gives an increase in the total amount of particles. Corresponding with Eq. 6 it was found 
that roughly 40% of the NH3 is dissociated, giving 60% H2 and 20% N2. Together with the 
remaining 60% NH3 this also shows the particle number increase to 140% of the initial 
amount, leading to a pressure increase. 

5.2 PDMAT cracking pattern 
In order to determine reaction processes during precursor dosing, the detection of the 
PDMAT molecule must also be investigated. Because PDMAT is a large molecule it splits 
up into many fragments in the QMS due to the dissociative ionization. This results in a 
specific pattern of lines with different m/z values identifying PDMAT which is the 
cracking pattern. Since a cracking pattern for PDMAT was not available from literature it 
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was measured with the QMS in the present work. Opening the bubbler with the solid 
PDMAT powder to the chamber shows no signal in the QMS due to insufficient flow and 
therefore an Ar flow is used to transport the PDMAT into the chamber. To determine the 
PDMAT mass spectrum, the spectrum for pure Ar at the same pressure was subtracted 
from the PDMAT + Ar spectrum. Fragments containing a Ta atom were not measured 
since the sensitivity of the QMS in the high m/z range (m/z Ta+ = 181) was insufficient, due 
to a decrease in ion transmission in the QMS with increasing m/z values. 
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FIG. 5.6. The PDMAT cracking pattern found by subtracting the Ar spectrum from the 
PDMAT + Ar spectrum. A comparison is made with the HN(CH3)2 cracking pattern 
obtained from the NIST database. The measured pattern is not corrected for the 
transmission decrease with increase in m/z value. 

Figure 5.6 shows the PDMAT cracking pattern for the fragments that do not contain Ta. 
Three groups of masses can be seen. With the help of the molecule structure of PDMAT 
the fragments in these three groups can be identified (Fig. 5.7). The group of “heavy” 
masses ranging from m/z = 38 to m/z = 46 can be assigned to fragments with the 
composition NC2Hx. The group of “medium” masses ranging from m/z = 27 to m/z = 30 
can be assigned to fragments with the composition NCHx and the group of “light” masses 
ranging from m/z = 12 to m/z = 15 can be assigned to fragments with the composition N or 
CHx. The signals at m/z = 16, 17 and 18 correspond to the cracking pattern of H2O and 
originate from H2O contamination in the QMS and deposition chamber. PDMAT 
fragments with m/z = 20 and m/z = 40 are not detectable since small pressure differences in 
Ar dominate these ratios (Ar2+ and Ar+). 
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FIG. 5.7. A two dimensional schematic of the molecule structure of 
pentakis(dimethylamino)tantalum (PDMAT). The Ta atom is bonded to five 
dimethylamino ligands. 

To obtain more insight into the cracking pattern of PDMAT, we turn to the molecule 
structure of PDMAT (Ta(N(CH3)2)5) shown in Fig. 5.7. The Ta atom has five side groups 
called ligands. The PDMAT ligand formula is very similar to the formula for 
dimethylamine (HN(CH3)2). For comparison with the cracking pattern of PDMAT, the 
cracking pattern of HN(CH3)2 was obtained from the NIST database and is also shown in 
Fig. 5.6. The cracking patterns overlap although the intensities of the HN(CH3)2 pattern are 
lower for lower m/z values. This is most probably mainly caused by a decrease in 
transmission in our QMS with increasing m/z values and to a lesser extend by differences 
in dissociation between HN(CH3)2 and the PDMAT ligand as is made clear in Section 
5.3.3. 

5.3 Reaction products during PA-ALD of TaNx 
The reaction products formed during the PA-ALD process of TaNx were studied in this 
section. Due to the short presence of the surface reactions during the ALD cycle, dynamic 
measurements had to be made. Furthermore due to the plasma chemistry multiple products 
with overlapping signals are present simultaneously. The temporal character and multiple 
products require an extensive systematic approach as will be shown below. First the 
possible molecules that could be detected are discussed to help identify the signals 
measured further on. 

5.3.1 Possible molecules detected 
Table 5.2 shows the fragments and their most probable parent molecules in the case of the 
PA-ALD TaNx deposition process. The cracking pattern measured in Section 5.2 is used 
with the molecule formula from PDMAT in Fig. 5.7 to determine possible fragments from 
PDMAT and HN(CH3)2. Further on in Section 5.3.4 it is shown that the molecules HCN 
and C2H2 are present due to the plasma chemistry with surface groups and HN(CH3)2. 
Their key fragments were obtained from the NIST database (Appendix A.4). Signals due to 
isotopes constitute only a small fraction of the measured signals and have been 
disregarded. This table combined with the cracking pattern will help throughout this 
section to identify or exclude the parent molecules for signals found at different mass-to-
charge ratios (m/z). 



 

   45

 
TABLE 5.2. The key fragments and their probable parent molecules detected in the 
QMS during the PA-ALD process of TaNx. 

Mass-to-charge ratio 
(m/z) Key fragments Most probable parent molecule(s) 

1 H+ H2 
2 H2

+ H2 
6 C++ CH4 
7 N++ NH3, N2 
8 O++ H2O 

12 C+ CH4, C2H2 
13 CH+ CH4, PDMAT, HN(CH3)2, C2H2 
14 N+, CH2

+ CH4, NH3, N2, PDMAT, HN(CH3)2 
15 CH3

+, NH+ CH4, NH3, PDMAT, HN(CH3)2 
16 CH4

+, NH2
+, O+ CH4, NH3, H2O 

17 NH3
+, OH+ NH3, H2O 

18 H2O+ H2O 
20 Ar++ Ar 
21 N(CH2)2

++ PDMAT, HN(CH3)2 
22 N(CH3)2

++ PDMAT, HN(CH3)2 
24 C2

+ C2H2 
25 C2H+ C2H2 
26 C2H2

+, CN+ C2H2, HCN 
27 HCN+ HCN, PDMAT, HN(CH3)2 
28 N2

+, NCH2
+ N2, PDMAT, HN(CH3)2 

29 NCH3
+ PDMAT, HN(CH3)2 

30 HNCH3
+ PDMAT, HN(CH3)2 

40 Ar+, N(CH)2
+ Ar, PDMAT, HN(CH3)2 

41 HN(CH)2
+ PDMAT, HN(CH3)2 

42 N(CH2)2
+ PDMAT, HN(CH3)2 

43 HN(CH2)2
+ PDMAT, HN(CH3)2 

44 N(CH3)2
+ PDMAT, HN(CH3)2 

45 HN(CH3)2
+ PDMAT, HN(CH3)2 

 

5.3.2 Systematic approach 
To be able to identify the reaction products during the ALD cycle a systematic approach 
was used where a wide m/z range (1 to 46) was scanned and appropriate reference signals 
were used. Figure 5.8 shows the contributions in the QMS signal for the precursor and 
plasma step measured during different cycles. During the normal ALD cycle the precursor 
step has contributions from PDMAT cracking, from reaction products and from 
background signals including the Ar flow. The plasma step has contributions from plasma 
gas species, from reaction products and from background signals including the H2 flow. 
For the cycles where either no PDMAT dosage or no plasma exposure was present no 
ALD reaction products are formed. The reaction products for the PDMAT and plasma step 
can be determined by comparing the signals measured during the normal ALD cycle with 
the signals for the cycles where either PDMAT dosage or plasma exposure was not 
present. The cycle with only PDMAT was performed by disabling the plasma power input 
in the cycle. The cycle with only plasma was performed by not diverting the Ar flow 
through the PDMAT bubbler. Therefore both cycles have the same pressures changes as a 
normal cycle preventing any pressure effects in the signal QMS. 
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FIG. 5.8. The QMS signal contributions present during the precursor and plasma step 
for an ALD cycle, a cycle with only PDMAT dosing and a cycle with only plasma 
exposure. The following contributions can be present: the reference signal from the gas 
flow and background, the PDMAT cracking signal, the plasma species signal and the 
signal from the reaction products. 

To identify the different molecules, mass spectra are required during the PDMAT and 
plasma step in the three cycles from Fig. 5.8. Following the entire m/z range during the 
cycle gives an insufficient temporal resolution for reaction product measurement. For good 
temporal resolution the measurement of the signals for the range of m/z values is split up 
into measurements of four m/z values at a time. These measurements can be combined to 
form a full mass spectrum due to the reproducibility of the ALD cycle. Mass-to-charge 
ratio m/z = 40 representing Ar flow was followed in all measurements serving as a cycle 
time reference signal. 
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FIG. 5.9. The ion current for m/z = 27 and 40 measured during three cycles. The first 
cycle is a normal ALD cycle, the second cycle is a cycle with only PDMAT dosing and 
the last cycle is a cycle with only plasma exposure. PDMAT dosings and plasma 
exposures are indicated by rectangles. 
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Figure 5.9 shows as an example the ion current for m/z = 27 and 40 measured during a 
typical measurement of the three different cycles represented in Fig. 5.8. During the cycles, 
m/z = 40 gives a strong signal during the Ar flow. Signal spikes are observed due to the 
pressure changes of starting the Ar flow 5 s before the PDMAT dosing and the H2 flow 6 s 
before the plasma exposure, but since the times were chosen long enough this has no effect 
on the regions of interest namely the PDMAT and plasma exposure. During the plasma 
step m/z = 27 shows a signal for the ALD cycle but not for the case where either plasma 
power or PDMAT dosing was disabled. The scheme in Fig. 5.8 shows that therefore this 
signal must come from a reaction product during the plasma step. 
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FIG. 5.10. The averaged ion current for m/z = 15 as a function of time for the normal 
ALD cycle, the cycle with only PDMAT and the cycle with only plasma. The numbers 
1 to 4 indicate the signal sizes described in the Table 5.3. 

To reduce the noise level four cycles were averaged for each condition. The reference 
signal at m/z = 40 was used to make sure all cycles overlap and is used to average 
correctly. Figure 5.10 shows as an example the averaged m/z = 15 ion current for the 
normal ALD cycle, the cycle with no plasma and the cycle without PDMAT. 

The following general observations are valid for all m/z values. For the case without 
plasma we either see no added signal during the PDMAT step or a constant added signal. 
For the case without PDMAT we also see either no added signal or a constant added 
signal. For the ALD cycle there is however an added decaying signal present for many of 
the masses related to the surface reactions. To be able to get a good overview of all this 
information four mass spectra were constructed from the four signals indicated with 
rectangles in Fig. 5.10. Two mass spectra represent the signal for the reaction products 
during the PDMAT (signal 3) and plasma step (signal 4) in the ALD cycle, while the other 
two mass spectra represent the reference signals which are the cases without plasma (signal 
1) or without PDMAT (signal 2). The signals from Fig. 5.10 are combined for all m/z 
values resulting in mass spectra representing the contributions indicated in the scheme in 
Fig. 5.8. Table 5.3 shows the different contributions and the corresponding signal number. 
Using all these signals for the different m/z values gives insight into the reaction processes 
during the PDMAT and the plasma exposure step as will be shown in the next sections. 
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TABLE 5.3. Mass spectrum from signal number in Fig. 5.10 and what contribution 
from the scheme in Fig. 5.8 it represents. 

Mass spectrum from 
signal number in Fig. 5.10 Contribution in scheme in Fig. 5.8 

1 PDMAT cracking 

2 Plasma gas species 

3 PDMAT cracking + reaction products 

4 Plasma gas species + reaction products 
 

5.3.3 Mass scan during PDMAT step 

10 15 20 25 30 35 40 45
0

1

2

3

4
 1. PDMAT cracking
 3. PDMAT cracking + reaction products

 

 

Io
n 

cu
rr

en
t (

10
-1

2  A
)

m/z
 

FIG. 5.11. The ion current versus m/z determined from signals 1 and 3 in Fig. 5.10. 
These spectra give a comparison between the mass pattern due to PDMAT cracking and 
the mass pattern due to the combination of PDMAT cracking and the reaction products 
from the surface reaction with PDMAT. 

Figure 5.11 shows the comparison between the mass pattern at the start of the PDMAT 
dosing in the ALD cycle (signal 3 from Fig. 5.10) and the PDMAT pattern (signal 1 from 
Fig. 5.10). The difference in these two signals can be ascribed to the production and 
consumption of molecules by the reaction process. Both patterns show intensities for the 
same m/z values. All m/z values can be ascribed to key fragments for PDMAT and 
HN(CH3)2 shown in Table 5.2. The signal during PDMAT adsorption on the surface is 
believed to consist of a decrease of PDMAT (PDMAT is consumed in the reaction) and an 
increase in HN(CH3)2 which is believed to be the main product from the adsorption 
reaction. As was shown in Section 5.2 the cracking pattern of HN(CH3)2 is similar to the 
cracking pattern of PDMAT. 

From Fig. 5.11 it is clear that the pattern during the ALD adsorption reaction is 
visible at the same masses but the intensity is higher. This indicates that the surface 
produced HN(CH3)2 has higher signals than PDMAT in this m/z region. Therefore, it 
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shows that the dissociation degree of PDMAT in the QMS is not high which was also seen 
in the literature for other metal-organic precursors where the spectrum is more intense in 
the high mass range [33, 34]. Another possible adsorption reaction could be the removal of 
a CH3 group from the PDMAT molecule releasing CH4. Since CH4 is not seen (no intensity 
at m/z = 16) this cannot be a main reaction. The formation of HN(CH3)2 during the 
PDMAT adsorption is in agreement with the single reaction proposed by Kim et al. [3]. 

5.3.4 Mass scan during plasma step 
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FIG. 5.12. The ion current versus m/z determined from signals 2 and 4 in Fig. 5.10. The 
figure gives a comparison between the mass pattern due to plasma species and the mass 
pattern due to the combination of plasma species and reaction products. 

Figure 5.12 shows the mass spectrum during the beginning of the plasma in the ALD cycle 
compared to the mass spectrum of the plasma species. The mass spectrum at the beginning 
of the plasma in the ALD cycle shows many lines clearly indicating the detection of 
reaction products. The mass spectrum of the H2 plasma step in the ALD cycle without 
PDMAT dosage shows two sets of lines. Section 5.1.1 showed that a mass spectrum of a 
H2 plasma in a “clean” reactor should show no intensity in the shown mass range. 
Apparently, even after long plasma exposure still products are formed from the surface 
which consists of TaNx film. The mass spectrum constructed from signal 2 (the plasma 
species) represents what species would be released after roughly 30 s of plasma exposure 
due to the measurement procedure. 
 With the help of cracking patterns (Fig. 5.11 and Appendix A.4) and the list of key 
fragments (Table 5.2) the lines in the mass patterns can be assigned to molecules. First the 
mass pattern of the plasma species (signal 2) was investigated. The pattern from m/z = 12 
to 16 can be assigned to the cracking of CH4. The lines at m/z = 24, 25, 26 can be attributed 
to cracking of C2H2. The C2H2 can easily be formed from the CH4 by a H2 plasma [35]. 
The presence of C2H2 shows that the plasma interacts with the reaction products (CH4) 
forming new products (C2H2). 
 Secondly the lines in the mass spectrum at the start of the plasma in the ALD cycle 
are assigned. Some lines correspond with lines also observed in the plasma mass pattern. 
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CH4 and C2H2 are therefore again considered. Furthermore many additional mass lines are 
present. Since these lie in the region where also the HN(CH3)2 pattern has lines, the 
HN(CH3)2 molecule is believed to be responsible for these lines. Therefore the mass 
pattern (signal 4) was compared to the cracking pattern of PDMAT from the PDMAT 
dosage step (signal 1) since this pattern was shown to be representative of the HN(CH3)2 
pattern. 
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FIG. 5.13. The ion current versus m/z determined from signals 1 and 4 in Fig. 5.10. This 
gives a comparison between the mass pattern due to PDMAT cracking and the mass 
pattern due to the combination of plasma species and reaction products. The PDMAT 
cracking pattern represents the HN(CH3)2 pattern in this figure. 

Figure 5.13 shows the mass spectrum during the beginning of the plasma step in the ALD 
cycle compared to the PDMAT step pattern. A part of the recorded plasma pattern 
corresponds very well with the PDMAT step pattern. Therefore these lines can be assigned 
to the HN(CH3)2 molecule. A few lines are not yet assigned. The line with m/z = 18 was 
detected as a short fluctuation on a large background signal both caused by H2O. The line 
with m/z = 27 is too intense to be fully accounted for by the HN(CH3)2 molecule and this 
additional signal can be assigned to the HCN molecule, which also adds to the m/z = 26 
intensity. 
 Summarizing the reaction products found, we observed the formation of HN(CH3)2, 
CH4, C2H2 and HCN during the beginning of the plasma step and after longer plasma 
exposure only CH4  and C2H2 were present. 

5.3.5 Time-dependent QMS and OES 
The previous section showed that CH4 and C2H2 were present for a longer time than 
HN(CH3)2 and HCN. In order to investigate this different behavior, time-dependent 
measurements were performed on an ALD cycle with a longer plasma exposure. The 
plasma exposure was also interrupted to show that the reaction products come from the 
surface and to show that no plasma startup artifacts were observed. 
 Furthermore during the plasma exposure the optical emission from the plasma was 
measured with OES. It was reported that emission from the CN radical is seen at 388 nm 
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with OES during PA-ALD of TaNx [36]. The excited CN radical can be formed from HCN 
by the following reaction: 
 
  - * -HCN + e  CN + H + e→ , (7) 
 
Three m/z values 45, 27 and 15 were followed with QMS, representing basically three 
different molecules observed. HN(CH3)2 was represented by all three m/z values since they 
all appear in its cracking pattern (Fig. 5.6). HCN was represented by m/z = 27 and was also 
present when CN emission was present. CH4 was represented by m/z = 15. 

30 40 50 60 70 80 90

10-12

0
50
90

100
110

3

2

1
1  m/z = 15
2  m/z = 27
3  m/z = 45

 

 

Time (s)

Q
M

S
Io

n 
C

ur
re

nt
 (A

)
O

E
S

In
te

ns
ity

 (A
.U

.)

 

 

 H2 plasma

 
FIG. 5.14. A PA-ALD cycle with an extended and interrupted H2 plasma exposure. The 
plasma emission at 388 nm was followed with OES and with QMS the m/z values 15, 
27 and 45 were followed. The plasma operation is indicated by gray rectangles. 

Figure 5.14 shows an ALD cycle with a long and interrupted plasma exposure, OES and 
QMS are used to follow the reaction products. The first plasma exposure lasts 5 seconds 
followed by a 10 s interruption then 10 s plasma, again a 10 s interruption and at the end an 
exposure of 25 seconds, making a total of 40 s plasma exposure. OES emission at 388 nm 
was followed representing the excited CN radical and with QMS m/z values 15, 27 and 45 
were followed. In the figure, the plasma operation is indicated by gray rectangles. 

All lines have a peak at the start of the first plasma operation after PDMAT dosage. 
This is not a plasma start up effect since the same peak is not present for the second and 
third plasma exposure step. As was shown in the previous section during this peak all the 
products are present HN(CH3)2, CH4, C2H2 and HCN. The peak in OES emission shows 
that also CN is present. The OES emission of CN and the QMS signals at m/z values 27 
and 45 decrease to the noise level after the first plasma exposure and can no longer be 
detected. The signal for m/z = 15 was visible during all plasma exposures and shows that 
CH4 was present during these exposures. The continuation at the same height of the CH4 
line after the purging between the plasma exposures confirms the important assumption 
that the molecules are products of surface reactions. If the products were originating from a 
gas phase reaction the intensity should be lower after purging. From m/z = 15 it is clear that 
the CH4 was a surface reaction product since otherwise the intensity should have decreased 
due to the purging during the interruption of the plasma power. 
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Since the CH4 is released from the surface for a long time during plasma exposure it 
would be expected that the C content in the film decreases strongly with long plasma 
exposure time. Table 4.2 shows that for deposition with 30 s H2 plasma the C content in 
the film is still at 12%. It is likely that a process of redeposition is present where some of 
the reaction products are reincorporated in the film maintaining the C content in the film. 
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5.4 Reaction products and mechanisms 
The following key observations were made so far in this chapter: 

• Reaction products are detected with QMS during the PDMAT dosing and plasma 
exposure step. 

• PDMAT dosing step: 
o The reaction product HN(CH3)2 is detected. 
o No other products are detected. 

• The plasma exposure step: 
o The molecules HN(CH3)2, CH4, C2H2 and HCN are measured. 
o CH4 and C2H2 are longer present than the other reaction products. 

• Interaction of the plasma with reaction products: 
o C2H2 formed from CH4. 
o HN(CH3)2 broken down to HCN and CN. 

• Redeposition: 
o Products interacting with plasma most probably redeposit leading to fairly 

constant carbon content in the film with plasma exposure variation. 
 
 

                 
 

FIG. 5.15. A scheme illustrating the surface reactions during the PDMAT precursor step 
(a) and the H2 plasma step (b) in the PA-ALD process. These reactions occur between 
the surface and the reactant releasing products for the PDMAT precursor step (a). For 
the plasma step (b) products can interact with the plasma resulting in formation of new 
molecules of which some can deposit on the surface. 

The scheme illustrating the ALD process shown in Fig. 5.1 at the beginning of this chapter 
can now be extended with the new concepts as is shown in Fig. 5.15. The interaction 
between reactants and products and the possibility of redeposition are added to the scheme. 
Due to interaction of the plasma with the products new products are formed which can 
become new reactants resulting in redeposition of the products. 
 Using the key observations from our measurements and results and ideas from the 
literature we can describe how the reaction mechanisms for PA-ALD of TaNx possibly 
take place. 
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FIG. 5.16. A schematic illustrating a possibility for the PDMAT adsorption reaction. 
The PDMAT molecule reaches the surface and reacts with –NHx surface groups. One H 
atom from the surface group combines with the ligand forming HN(CH3)2. 

For the PDMAT dosing step a single reaction can describe the process. Our measurements 
correspond to the process suggested by Kim et al. where PDMAT reacts with -NHx surface 
groups resulting in the formation of HN(CH3)2 [3]. This process is schematically depicted 
in Fig. 5.16. 

For the plasma step, the reaction mechanisms are more complex. Many processes can 
occur due to the reactive plasma species but some distinct reaction steps were determined. 
Since the carbon content in the films is lower than the nitrogen content, in some cases the 
bond between N and C in the ligand must be broken leaving N attached to the Ta atom. 
Furthermore since the HN(CH3)2 molecule is detected also during the plasma exposure step 
it must be a reaction product.  
 

 
 

FIG. 5.17. An expected reaction during the plasma step. A hydrogen radical comes in 
and reduces the Ta(V) atom to the Ta(IV) state. During this reduction HN(CH3)2 is 
formed. 

The tantalum atom in the PDMAT molecule has an oxidation number 5+ which remains 
unchanged after the PDMAT molecule adsorbs on the surface. To form the low resistive 
films deposited in this work, the oxidation number has to decrease. Since the H radical in 
the H2 plasma is known to be a good reducing agent it is expected to reduce the Ta atom to 
lower oxidation numbers [7]. Figure 5.17 shows the expected reaction in which the H 
radical reduces the Ta(V) atom to the Ta(IV) state while forming HN(CH3)2 which was 
detected with the QMS. Due to the reduction reaction the number of bonds decreases from 
five to four. 
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FIG. 5.18. Another possible reaction during the plasma step. A hydrogen radical comes 
in and breaks up a C-N bond, thereby releasing CH4. 

During this reduction reaction other processes are occurring as well. From some surface 
ligands CH4 is formed by direct abstraction by a hydrogen radical as shown in Fig. 5.18. 
The CH4 interacts with the plasma, forming C2H2 as shown in Fig. 5.19 which can 
redeposit on the surface. These redeposited groups can again be removed by the plasma 
explaining the long presence of CH4 in the chamber (Fig. 5.14), while the C content in the 
film does not vary significantly with H2 plasma exposure time. 
 

 
 

FIG. 5.19. The plasma interacts with the reaction products such as CH4 and HN(CH3)2, 
and could, besides other reaction products, result in the formation of C2H2, HCN and 
excited CN*

. 

Molecules entering the plasma can be dissociated by the electrons as we observed by the 
presence of HCN in the QMS and CN* detected by OES (Fig. 5.19). These species come 
from the dissociation of HN(CH3)2 in which also CH4 can be formed. The products from 
the plasma dissociation can redeposit on the surface and can possible be etched during the 
remainder of the plasma exposure. 
 The redeposition and etching of products can explain the presence of two 
timescales in the saturation curve for the plasma exposure time in Chapter 4 (Fig. 4.1(b)). 
During the first few seconds of the plasma exposure all described plasma and surface 
reactions occur. The HN(CH3)2 formation decreases with the decrease in number of -
N(CH3)2 groups which could be the process with the short timescale. The reactions where 
fragments of original -N(CH3)2 groups and redeposited material are removed remain which 
could account for the process with the longer timescale. 
 In Table 4.2 it was shown that the nitrogen content in the film decreased with H2 
plasma exposure time. The reactions that can cause this decrease are the formation of 
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HN(CH3)2 during the beginning of the plasma step and possibly also formation of NH3, 
although this must be a small amount since NH3 was not detected with the QMS during the 
PA-ALD process with a H2 plasma. 
 Comparing our view with the view of Kim et al. and Maeng et al. we can observe 
the following [3, 30]. Similar to what we measured, they suggested that HN(CH3)2 is 
formed during the PDMAT dosing step and that HN(CH3)2 and CH4 are formed in the 
plasma step. Furthermore, we considered the processes of dissociation and formation of 
molecules in the plasma and the redeposition caused by this as shown in the scheme in Fig. 
5.15. 
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6 Conclusions and recommendations 

6.1 Conclusions 
The work in this report can be roughly divided in four parts: 

The experimental setup for PA-ALD of TaNx films 
The experimental setup used in the PA-ALD deposition of other materials was successfully 
adapted for the usage of the PDMAT precursor required for the TaNx film deposition. The 
setup was further upgraded adding additional hard- and software control. 

The material properties of the TaNx films 
An extensive material characterization was carried out to explore the possibilities of 
plasma-assisted ALD of TaNx films. It was shown that the conductive cubic TaNx phase 
can be deposited using a H2 plasma in the ALD cycle and that the material properties were 
good over a wide temperature range (150 °C to 250 °C). Furthermore, the plasma exposure 
time turned out to influence the material properties resulting in a reduction of electrical 
resistivity with longer H2 plasma exposure times. By changing the plasma gas composition 
we found that adding a small amount of nitrogen to the plasma resulted in an increase in 
resistivity and nitrogen content of the TaNx film, where the usage of a H2/N2 (1:1) plasma 
or a NH3 plasma resulted in the deposition of amorphous semiconductive like Ta3N5 films. 
Preliminary copper diffusion barrier experiments show good barrier properties for the 
conductive TaNx up to a temperature of 600 °C, where copper diffusion through the TaNx 
layer starts to occur. 

Monitoring the TaNx film growth with in situ SE 
In situ spectroscopic ellipsometry measurements were used to measure the growth rate 
during the PA-ALD of TaNx by modeling the optical properties of the deposited film. 
Models were constructed for both the conductive TaNx and the semiconductive Ta3N5 
phase. Information on resistivity was returned from the Drude-Lorentz model for the 
conductive phase, while the double Tauc-Lorentz model returned the band gap for the 
semiconductive Ta3N5 phase. The resulting thickness for both models and the resistivity 
for the conductive film were corroborated by ex situ diagnostics. In situ SE was shown to 
be an accurate tool to distinguish between the different TaNx phases by monitoring the 
dielectric function. 

Insight into the reaction mechanisms of PA-ALD TaNx 
Mass spectrometry was used to measure molecules in the different plasmas and to measure 
the cracking pattern of PDMAT. In a dedicated experiment the stable gas phase reaction 
products during the PDMAT dosing and plasma exposure step were measured by mass 
spectrometry. Optical emission spectroscopy was used to measure emission by radicals 
formed from reaction products by the plasma. This interaction of the plasma with the 
reaction products was shown by the break down of reaction products and the formation of 
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new molecules. Due to this interaction a process of redeposition is probably present which 
could have a large influence on the film growth. By combining the observed processes an 
overall view on the reaction mechanism is obtained.  

6.2 Recommendations 
The following research challenges are recommended based on results of this work: 

Application of TaNx barrier layer in high aspect ratio structures 
• Study the conformality of TaNx deposition in high aspect ratio structures. 
• Optimize the barrier properties for copper and lithium by varying the key 

influencing aspects (i.e. the nitrogen content and the microstructure). In order to 
control the microstructure the key influences on microstructure must be studied, 
possible effective parameters are the plasma properties (e.g. electron density, ion 
energy) combined with the exposure time. 

• Study the properties of ultra-thin (<10 nm) TaNx films (i.e. the barrier properties 
and the resistivity). 

• Due to differences in received radical and ion fluxes, the material properties on the 
sidewalls of high aspect ratio structures can differ from the material properties on 
the top surface. Devise experiments to study the material properties of the film 
deposited on the trench sidewall. 

Extend PA-ALD of Ta-based materials 
• Can we deposit TaC films? 

o First possible indication is the deposition of the 50 μΩ cm TaNx film with 
TaC bonds, investigate required conditions for reproduction. 

o Deposit TaC by using a different plasma, this may be possible by adding 
CH4 or C2H2 to the plasma gas. The difficulty lies in making the reaction 
self-limiting. 

• Tailor the plasma step for further control of material properties, possibly enabling 
the deposition of stoichiometric TaN with low impurity content and low resistivity. 
Replace for instance the plasma exposure step with multiple small plasma steps 
with different gas mixtures. 

• Further investigate the Ta3N5 phase and possible applications. 
• Study Ta2O5 and TaOxNy film deposition. 
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Appendix A 
A.1 Obtaining the TaNx dielectric function over full photon energy 
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FIG. A.1. The experimental Ψ and Δ data as measured with in situ IR-SE and ex situ 
UV-SE at different angles. Both data sets are fitted simultaneously using a single 
Drude-Lorentz model. 

The SE software allows for the combination of data collected at different angles and over 
different photon energy ranges. Therefore, the NIR extended SE measurement can be 
combined with the UV extended SE measurement resulting in data over the whole photon 
energy range (0.75 - 6.5 eV). This option was used to obtain the dielectric function for the 
different TaNx films deposited. Figure A.1 shows the combination of an in situ 
measurement using the NIR-extended SE at an angle of 69° and an ex situ measurement 
using the UV-extended SE at an angle of 74°. The Drude-Lorentz model was fitted to this 
combination of data resulting in the dielectric function between 0.75 and 6.5 eV and the Ψ 
and Δ for both angles shown in Fig. A.1. The use of multiple angle data also improves the 
accuracy of the dielectric function determination [13]. 
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A.2 Cubic TaN peaks 
 

TABLE A.1. The diffraction peaks of a powder sample of cubic TaN [26]. 

No. h k l d (Å) 2θ (°) Intensity 
(%) 

1 1 1 1 2.503 35.847 100 
2 2 0 0 2.169 41.604 80 
3 2 2 0 1.531 60.415 40 
4 3 1 1 1.307 72.224 40 
5 2 2 2 1.251 76.012 30 

 
Table A.1 shows the diffraction peaks of a powder sample of cubic TaN used in Fig. 4.3 
[26]. 

A.3 TaNx film uniformity on a 4” wafer 
 

TABLE A.2. The uniformity of thickness and resistivity for different deposition 
conditions on a 4” c-Si substrate. 

Exposures (s) Uniformity (%) 
H2 PDMAT Thickness Resistivity 
10 4 1.3 15 

30 8 0.2 12 
 
The uniformity of the PA-ALD TaNx film was checked for a 4” substrate using the 
standard deposition conditions. Uniformity U of variable x is defined as: 
 

  
max( ) min( )( ) 100%.

2
x xU x

x
−

= ⋅  (8) 

 
In Table A.2 the uniformity for thickness and resistivity is shown. The thickness 
uniformity is very good, while the uniformity for resistivity is less but still adequate for the 
Cu barrier tests. This difference in uniformity is believed to be caused by the fact that the 
resistivity is much more sensitive to the deposition temperature and the deposition 
temperature could be non-uniform due to the small contact surface between the heater and 
the 4” substrate holder (Section 2.1), causing a temperature gradient over the surface. 

A.4 Cracking patterns for molecules possibly present during PA-
ALD of TaNx 

Chapter 5 uses the cracking patterns for molecules possibly present during PA-ALD of 
TaNx. Figure A.2 shows the cracking patterns for CH4, NH3, H2O, HCN and C2H2 which 
were obtained from NIST and from the mass spectrometer spectra library. 
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FIG. A.2. The cracking patterns for CH4, NH3, H2O, HCN and C2H2 from NIST and the 
mass spectrometer spectra library. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


