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Introduction

1.1 Interconnection in Si integrated circuits

Since 1960’s, after the first integrated circuit was invented, the number of
electronic components on a chip increases exponentially, while their size
decreases. The continuous miniaturization and size reduction of
components in CMOS integrated circuits (IC’s) is driven by higher
functionality (higher density of components/functions on chip), faster
switching speed (see Table 1-1) and a lower cost per chip. For example,
the number of transistors per cm® on a chip will increase from 61 million
up to 980 million as projected for a technology with a gate length of 10 nm
(see Table 1-1). In order to match the network of devices and the
metallisation network the packing density of metal lines and the number of
metal levels also increases (see Table 1-1).

A schematic of a structure with multilevel metallisation is shown in
Figure 1-1. Metal layers, which are deposited after the transistor formation,
are electrically connected by vias. This is called interconnection.

Table 1-1. Current and projected characteristics for logic application and
interconnects [1].

. 2003| 2004| 2005 2010] 2015

year of production
technology node 100 90 80 45 25

transistors per chip, x10° 180 226 285| 1546| 4908
local clock frequency, 3.010°| 4.210° 5.2:10°| 1.510% 3.3-10°*
MHz
transistor density, x10° 61 77 97| 309| 980
transistors/cm’
transistor gate length, nm 45 37 32 18 10
number of metal layers 9 10 11 12 13
pitch Metal 1, nm 240 214 190 108 60
barrier thickness, nm 12 10 9 5 3
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Figure [-1. Schematic of cross section of a structure with multilevel
metallisation. Cy; and Cp4 are parasitic capacitance line-to-line and line-to-
ground, respectively.

With scaling down of the gate length, the gate delay decreases (see
diamonds in Figure 1-2) and the signal propagation in IC’s becomes faster.
At the same time the increasing density of metal lines causes a resistance
increase of interconnects (R) and an increase of the parasitic capacitance
(C) between metal lines. Therefore, signal delay due to interconnects,
determined as R'C delay, increases (see ovals and triangles in Figure 1-2).
For the technology node of 0.18 um the interconnect delay becomes larger
than the gate delay when a conventional Al/SiO, combination is used (see
ovals and diamonds in Figure 1-2). Therefore the total signal delay
(squares in Figure 1-2) determining the speed is limited by the RC delay in
the interconnects.

There are two possible solutions to reduce this interconnect delay. First, by
using a metal with a lower resistivity than Al. Second, by using materials
with a static dielectric constant (k) lower than that of the conventional
dielectric S10, (~3.85): the so called low- k dielectric. Presently Cu having
a resistivity of 1.7 uQcm replaces Al-0.5at% Cu having a resistivity of 3
n€cem [2]. The lowest interconnect delay can be obtained by using both
Cu and low- k dielectric (see triangles in Figure 1-2) instead of the Al/SiO,
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combination. Cu integration in IC’s, however, has some drawbacks. These
are the ability of Cu to react with Si with a formation of silicides [3], to
form deep energy levels in Si [4, 5] and to diffuse in dielectrics [6, 7]. This
causes deterioration and failure of the electrical characteristics of devices.
To prevent the Cu drift and diffusion through the dielectrics, a barrier
blocking Cu is necessary between dielectric and Cu. The choice of such a
barrier requires a material exploration and a study of the material reactivity
with Cu and the dielectric used in back-end processing.

45

l ® Gate Delay
40 o Sum of Delays, Al & SI02
35 ,/ O Sum of Delays, Cu & Low k
// @ (nterconnect Delay, Al & SI02
M 30 H// A Interconnect Delay, Cu & Low «
o
~ 25
-] e 4
E 20 [Sum of Delays, AL& SIDzAIJ /X Al 3.0u0-cm
é’%r \)j( Sum of Delays Cu 1.7uQ-em
15 Cu&Lowx
Slo2 k=4.0
1 D Lﬂw K k=2.0
Al & Cu .BuThick
Al & Cu Line 43u Long

650 500 350 250 180 130 100
technology node (nm)

Figure 1-2. Contribution to RC delay from interconnects and gates versus
generation (technology node) [1].

Among the low-k materials there are two groups of dielectrics, which are
being studied nowadays: 1). inorganic materials deposited by PECVD
(Plasma Enhanced Chemical Vapor Deposition), e. g. Black Diamond
(BLOk™) or Aurora®. Both are dielectrics containing Si, O, C and H with
k>2.5; and 2). organic materials deposited by spin-on technique, e.g.
SiLK™ (an aromatic hydrocarbon based polymer) with k~ 2.65 or porous
SiLK with k~ 2.2. Currently, the PECVD technique, used traditionally in
semiconductors industry, dominates to deposit low-k dielectrics. However,
the lower dielectric constant of spin-on materials motivates research within
the group of organic dielectrics. For a successful integration of organic
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low-k dielectrics in back-end processing a study of their compatibility with
adjacent materials in a multilevel structure, including barrier film, must be
done.

1.2 Barrier choice

A barrier material must satisfy a number of requirements to be successfully
applied in devices with multilevel metallisation. A list containing major
requirements is presented in Table 1-2 [1, 2]. These requirements can be
combined in three major groups, i.e. compositional, physical and
geometrical requirements and requirements on the processing. First of all,
the material must have a low reactivity with Cu and other materials used in
structures with Cu, for instance, interlevel dielectrics, etch stop layers, etc.
Secondly, the material must have a low resistivity to maintain the
advantages of Cu. Moreover, a good adhesion of the material to Cu and
interlevel dielectrics is required. A conformal deposition of the thin
(<10 nm) films is required over high aspect ratio features. This means good
step- and bottom coverage, i.e. the thickness at the sidewalls and at the
bottom of the features should be preferably the same as on flat areas.

Table 1-2. Requirements to barriers blocking Cu diffusion.

aspects requirements

compositional e low reactivity with Cu and underlying material (no
diffusion into surrounding, blocking Cu diffusion)

physical and e lowest resistivity

geometrical e mechanical stability (good adhesion, low stress,

stress migration resistance)
e good step coverage in high aspect ratio vias
e thickness of films <10 nm

processing e compatible with surrounding materials and their
processing

At the same time, the deposition process for example, deposition
temperature, precursors must be compatible with other processes during
the fabrication of IC’s.
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1.2.1 Barriers overview

A numerous amount of materials has been studied for barrier application.
These materials can be distinguished in: metals; binary compounds of
refractory metals, such as silicides, carbides and nitrides; ternary
compounds of Ta or W containing nitrogen and silicon or nitrogen and
boron.

Metal films of Ta [8, 9], Ti [10] and W [9], having a polycrystalline
structure, allow copper to diffuse easily along grain boundaries.
Amorphous metals are quite unstable and crystallize at low temperatures,
providing paths for diffusion. Therefore binary and ternary compounds
with a higher thermal stability are more suitable for barrier application.

Such binary compounds of refractory metals as Ta,N; [8, 11], TixNj
[12], Ta,Sijx [13], TaxCix [14], WiSiix [15], WiN 4 [16] and W, B, [17]
have been tried as diffusion barriers. Ta,N;,, TiuN;x and W N
demonstrated good properties against Cu diffusion up to 500-600 °C as
tested on p'/n diodes. Some materials, however, are reactive with copper.
Ti,N,x integrated in back-end metallisation has shown to cause a pitting of
copper [18]. This occurs due to Cl incorporated in the barrier film as a
residue. Binary compounds containing Si have also been shown to be
reactive with copper. Thus, these materials can not be applied for
multilevel metallisation. Ternary compounds containing both silicon and
nitrogen have shown to be less reactive.

Ternary compounds such as Ta,Si,N;.« [13, 19, 20, 21], Ti,SiyN«y [21],
W Si,N .y [15, 19, 20, 21], MoxSiyNi4y [19], RexSiyNj., [21],
W, BNy [17], WC/Ni«y [18, 22, 23] have been studied. Films of these
compounds can be amorphous and they exhibit a superior thermal stability.
Ta,SiyNjxy, WiSiyN .y, W ByN,, demonstrated good barrier properties
against diffusion up to 800-900 °C as tested on p'/n diodes. These
properties were considerably better than for binary compounds. The
amount of silicon allowed in the materials is limited due to a reactivity of
silicon with copper. The ternary materials with a ratio of Si to Me not
larger than 1.5 were reported to be inert with copper up to 900 °C [19]. An
increase of nitrogen content leads to an increase of resistivity [19, 24].
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Therefore a fine tuning of composition backed up with resistance
measurements and compositional analysis must be done first of all.

Ternary materials on the basis of Ta and W have shown the best blocking
ability of copper diffusion and they stay non- reactive with copper at
higher temperatures. Properties of the material films, for instance
resistivity and step (bottom) coverage, however, vary with the deposition
method applied. For example, TaN by Physical Vapor Deposition (PVD) is
characterized with a resistivity of 380 u€2cm [11]. At the same time TaN
by Chemical Vapour Deposition (CVD) has a resistivity of 920 u2cm
[11]. The increase of resistivity is attributable to residuals incorporated in
the films grown. Thus, the material choice should take place in
combination with the deposition technique. This issue will be discussed in
the next section 1.2.2.

1.2.2 Deposition methods and choice

Difterent techniques are applied to deposit thin films in IC fabrication.
PVD is commonly used for metal based films. For the deposition of the
film a target of this metal is sputtered in an appropriate ambient. Deposited
films have a poor step coverage, because of the directionality of the
material to be deposited. In order to improve step coverage PVD has been
modified to Ionised PVD (I-PVD), Hollow cathode PVD or Low Pressure
Long Throw PVD etc. I-PVD and Hollow cathode PVD aim to ionize the
sputtered atoms [25]. In this case it is possible to direct ions to the features
in electrical field. A sputtered film is formed by metal atoms and the
ionized metal. lons can be used to resputter the obtained film (from the
edge and from the bottom of vias) improving overall coverage. A
satisfactory step coverage has been reported in features of 0.25 um with an
aspect ratio of 3 for 30 nm films of Ta(N) [26]. At the bottom or on the
side walls of the features, however, there are always thinner spots. Tighter
geometry along with low-k integration has driven the investigation of Ti,
Ta, and W based barrier materials in addition to alternative deposition
techniques [27].

CVD offers more conformal deposition over small features. This method is
based on a chemical reaction of precursors resulting in film growth. The
step coverage for W, N, and W,SiyN, ., in 0.25 um vias with an aspect
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ratio of 4 was 70-100 %, (for 100 nm films) [24, 28]. The composition of
Ta and W based ternaries, however, is difficult to control in features with
high aspect ratio due to big differences in diffusion length and sticking
probability between precursors [29]. Another disadvantage of this method
is the possibility of gas phase reactions with the formation of particles or
side reactions with the formation of undesirable adducts. For example,
during the growth of W,N using WF¢ and NHj, these gases react with the
formation of WF¢NHj3;, a solid adduct [30]. In order to improve the step
coverage and eliminate gas phase reactions from the CVD process the
Atomic Layer Deposition (ALD) technique has been developed.

ALD can control the film thickness on an atomic scale [31]. The growth
occurs via self-saturated chemisorption of various precursors pulsed over
the growing film in a cycling sequence. This sequence results in a desirable
outcome. The growth rate is less than one monolayer of material per cycle.
As a result of the self- saturated principle of ALD, the growth occurs
conformal over small features even with an extreme high aspect ratio. Step
coverage of 100 % was reported for TaN films (40 nm thick) made by
ALD for features of 0.1 um with an aspect ratio as high as 11 [32].

As it has been demonstrated the choice of deposition method for a barrier
is driven by the requirement of conformal growth, i.e. good step coverage.
For small features with high aspect ratio CVD is superior to PVD. And
ALD is the best technique. For that reason this study is focused on barriers
grown by CVD and ALD.

Both Ta-based and W-based materials by CVD have been recognized
equally as possible candidates for diffusion barriers (see Section 1.2.1).
However, TaCls, which is the precursor for Ta, is solid at room
temperature and difficult to handle in opposite to the standard liquid
precursor for W, WFg, which has a boiling temperature of 290 K [33].
Therefore we have chosen to investigate W-based films, to be specific,
ternary compounds, which have a better stability of the amorphous
structure. Among these are films containing silicon and nitrogen
(W4SiyN.xy), and films containing nitrogen and carbon (WyCyN/ ).
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1.2.3 Physical analytical techniques

In order to monitor the quality of barrier films grown (composition and
residuals such as fluorine, oxygen, hydrogen) and a possible change of
composition after thermal treatments in a copper/barrier/dielectric
combination, different physical analytical techniques can be used. A brief
description of principle of the commonly used techniques is given below
[34].

e Auger electron spectroscopy (AES) is based on the emission of
electrons (Auger electron) as a result of an electron bombardment of
the material. Under the electron bombardment electrons from the
core levels are ejected. The holes are filled with electrons from the
higher levels, the secondary electron (Auger electron) escapes into
vacuum with the remaining kinetic energy. The kinetic energy of the
Auger electron is specific for the transitions of electrons in each
element. By measuring this kinetic energy an elemental composition
can be determined. This technique is not applicable for measuring of
H and He, because at least 3 electrons in an atom are required for the
generation of an Auger electron.

» X-ray photoelectron spectroscopy (XPS) is based on emission of
photoelectrons from a sample under incident x-rays with energies
higher than the electron binding energy. The electron binding energy
depends on the chemical state of elements in a material. This makes
the determination of the chemical bonds and elemental composition
possible (except H and He) in compounds.

o Rutherford Backscattering Spectroscopy (RBS) is based on
backscattering of incident light ions of He from the matrix of the
studied material. Backscattering energy of the ions contain
information on the mass/location of the elements in the material.
Elastic recoil detection analysis (ERDA), as RBS, uses He" ions, but
detects the recoil of the lighter hydrogen atoms. This effect makes
determination of hydrogen possible.

In case of a reaction between materials or due to diffusion the composition
of a sample changes. The depth profiling of the sample can be performed
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by AES and XPS by sputtering. Using standard sensitivity factors, the
concentration in depth can be calculated. However, some element
combinations (e. g. W-N) suffer from the effect of preferential sputtering
in a heavy matrix [35]. This makes a quantitative determination of
composition with standard sensitivity factors less reliable [35, 36]. RBS,
used as a non- destructive technique, determines the composition in the
most accurate way with respect to AES and XPS. RBS, however, is unable
to determine the chemical bonding of the measured elements. Therefore to
obtain correct information about composition and compounds AES, XPS is
performed in combination with RBS.

In order to identify crystalline phases present in films and their orientation,
the X-ray diffraction method (XRD) is applied. The principle of XRD is
based on the property that a crystal lattice diffracts monochromatic x-rays
in a specific way. XRD can be applied to monitor the formation of Cu;Si
as a result of a reaction between copper and silicon.

Only metallurgical failures of the barrier or compositional changes can be
detected by the described analytical techniques. The operation of devices,
however, can be affected at a much lower level of Cu contamination of
~10" cm™ [37]. Thus a barrier failure, resulting in copper diffusion
through the barrier should be detected with electrical measurements.

1.2.4 Testing of barrier

Electrical characterisation

Different electrical measurements have been reported in literature to test
the barrier integrity. First of all, reactivity between barrier and copper
should be tested. This can be done with four-point probe sheet resistance
measurements of Cu/barrier/SiO, stacks on Si substrates [8].

The test of the diffusion properties of barriers is performed on devices
including diodes and capacitors.

IV characteristics of p'/n diodes are used to test a barrier failure. Cu
diffusion is associated with an increase of leakage current [8, 11-13, 15-17,
19-20].
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Capacitance- Voltage (C-V) measurement of Cu/barrier- gate capacitors
before and after annealing is a mature method to monitor charges in oxide.
Copper ions diffused or drifted in the oxide cause a shift of flatband
voltage towards negative voltage [6, 38]. This shift is a measure of the
amount of Cu ions in the oxide (mainly at SiO,/Si interface). In a capacitor
with 100 nm thick oxide, low charge densities of ~1'10° cm™ at the SiO,/Si
interface will result in a shift of 0.005 V, which is difficult to measure. The
thicker the oxide, the bigger shift is expected for the same charge density.

The Triangular Voltage Sweep (TVS) measurements applied to the
capacitors use the ability of copper ions to drift in oxide under an applied
electrical field at elevated temperature [39-41]. The obtained current-
voltage dependence shows a peak of current corresponding to mobile ions
in oxide. The amount of ions in oxide determined from TVS measurements
can be as low as 10° cm™ [34].

Adhesion

One of the requirements of a material introduced into a multilevel
metallisation process is good adhesion. The traditional “scratch and pull”
scotch tape test is applied to test adhesion qualitatively. In order to quantify
the adhesion energy of an interface the four point bend techniques can be
used [42]. In the applications and in the measurements it is assumed that
adhesion failure is determined as a result of plastic deformation. For
example, a limit of adhesion energy for inorganic materials, at which no
delamination occurs during Chemical Mechanical Polishing (CMP), was
found to be 5 J/m* [43]. Knowing the critical limit of adhesion energy
alone is not enough to predict along which interface the fracture takes
place during CMP [44]. Nevertheless, a quantification of adhesion is a
prerequisite to rank barrier films with respect to adhesion.

1.3 Motivation

Although Cu metallisation has been used for years, the continuous scaling
with the decrease of the barrier thickness predicted by ITRS and
integration issues demand an introduction of new materials satisfying
requirements to a diffusion barrier (see Table 1-1). The choice of the
deposition technique for barrier deposition is driven by the requirement of
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good step- and bottom coverage. PVD processes for the barrier application
are being replaced by CVD and ALD. This study is focused on the growth
processes of tungsten nitride silicide films by CVD; tungsten nitride and
tungsten carbide nitride films by ALD. In order to estimate the suitability
of these materials as a diffusion barrier, the reactivity, diffusion properties
and adhesion should be tested.

Moreover, integration of low-k dielectrics in a back-end process of 1C’s
requires a study of processes at the interface of these films with other
surrounding materials. Ta-based materials by PVD are used conventionally
as barriers. Therefore a study of the interaction of low-k dielectrics with
Ta-based materials should be performed.

1.4 Outline of the thesis

The thesis consists of seven chapters.
The motivation for this research has been discussed in Chapter 1.

Chapter 2 presents an overview of the methods used for electrical
measurements, which were used to test blocking properties of the studied
materials. A layout of the test devices as well as the process flow is
presented.

Chapter 3 discusses the results of thermodynamical simulations performed
for CVD of tungsten compounds in a system of WFg, NF;, SiH, and Ar.
The results of simulations served as an input for the process study,
determining ratio of gas flows for the CVD (Chapter 5). For the ALD
process with a cycling sequence of precursors such as WF¢, NH3, C,H, and
SiH, (Chapter 6) the thermodynamic calculations with available data are
not suitable for (qualitative) analysis of the process.

The results of a study on integration issues of SiLK (pSiLK) such as
reactivity with Ta-based diffusion barriers and adhesion are presented in
Chapter 4.

Chapter 5 presents the results of the study of the CVD process of
W,Si,N.,., deposition, the study of reactivity of this material with copper
and its diffusion properties. A tuning of the composition of the films is
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very difficult regarding N-content. A qualitative model of this phenomenon
is discussed.

Results of the growth study of W;sN and W;sCN films are discussed in
Chapter 6. Both W sN and W;sNC are tested in p+/n diodes and
capacitors. The measurement results have demonstrated no reactivity with
copper and excellent blocking properties against copper diffusion at
temperatures used in back-end processing (~400 °C).

Finally, the summary, conclusions and recommendations are presented in
Chapter 7.
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Electrical characterisation methods and test structures

2.1 Introduction

Electrical characterisation techniques are used to test the suitability of a
material as a diffusion barrier. First of all, reactivity of a barrier should be
tested. This is done by four-point probe sheet resistance measurements
before and after annealing [1] or in situ during heat treatment. Secondly,
testing of the diffusion properties of the barrier should be performed.
Traditional techniques, used to monitor effects of Cu contaminations and,
therefore, diffusion properties of the barrier, are: [-V characteristics of
reverse biased p/n diodes [2-4]; C-V and TVS measurements of capacitors
[5, 6]; I-V characteristics of Schottky diodes [7]. The last method, being
highly sensitive to changes at the interface with Si, requires a separate
study of the preparation of a Si surface and the subsequent barrier
deposition. Our goal is to characterise the diffusion properties of a
material, not to develop a Schottky barrier diode on Si. Therefore,
measurements of Schottky diodes will not be discussed.

The increase of the leakage current in diodes is attributed to Cu trapping
centers, which are very effective recombination centers reducing
drastically minority lifetime at the concentration of Cu higher than the
doping level in p-Si and higher than 10" ¢cm™ in n-Si [8].

In dielectrics, e.g. SiO,, copper ions drift very fast under an applied
electrical field at elevated temperature. Therefore C-V measurements after
heat treatment and after BTS (Bias Temperature Stress), and TVS
(Triangular Voltage Sweep) technique are applied in order to evaluate
diffusion properties of the barrier.
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2.2 Methods
2.2.1 Resistance measurements

Collinear four-point probes

The four-point probe technique is used to measure the sheet resistance of
metals and semiconductors on wafers with blanket films. A current (/) is
forced via two outer probes through a conducting layer giving a potential
drop (¥), which is measured between the inner two probes. The probe
arrangement is shown in Figure 2-1. The distance s is constant and the
sheet resistance (Ry) is given by:

R="""F.= Equation 2-1

Where F is a correction factor, which depends on the sample geometry. If
the film thickness is less than the probe space, F'is given by:

t

F=——— Equation 2-2
s-2-1n(2)

Thus, (eq.2-1) becomes

R

4
1

= =4.532. r Equation 2-3
7 In(2) I

I¢ 1234T]

Figure 2-1. A collinear four-probes arrangement for the resistance
measurements.

Other arrangements of the probes are possible, but different corrections
factors have to be used.

Van der Pauw

Van der Pauw applied the four-point probe method to measure samples
with an arbitrary or symmetrical shape. For a square arrangement as shown
in Figure 2-2 the equation for the sheet resistance is equal to eq. 2-3,
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where V is the potential drop between probe 3 and 4, and the current is
flowing between probe 1 and 2.

Figure 2-2. Symmetrical sample with 4 contacts.

2.2.2 Diode Current-Voltage measurements

Current-voltage [-V measurements of diodes allow us to obtain
information about recombination current under forward voltage and
leakage current under reverse bias. These data are used to calculate
recombination and generation minority carrier lifetime, respectively. In this
study I-V measurements have been done with an HP 4156B parameter
analyser.

The total current through the p-n junction is a combination of the diffusion
component in the neutral region (due to a concentration field) and a drift
current in the p-n junction (due to electrical field).

Zero bias

At zero bias the drift current compensates the diffusion component and the
potential drop across junction is called the built-in voltage V;;, which is
dependent on doping levels of p- and n-Si, N, and Np, with a relation:

K NN,

i 2

q n;

Equation 2-4

where k is Boltzmann’s constant (1.38x107 J/K); g 1s a magnitude of
electronic charge (1.6x10™" C).

Forward bias

Under forward bias V, the potential drop across the p-n junction is reduced
and becomes equal to (V-V,). Holes from the neutral p-region and
electrons from the neutral n-region will be injected across a space-charge
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region. Some of them will recombine with majority carriers in the space-
charge region, some in the neutral regions, electrons and holes,
respectively, which are supplied from ohmic contacts. Thus, the
components of forward current are 1) the recombination or drift current /5
in the space charge region and 2) a recombination current in the quasi-
neutral region, which is often called diffusion current, 7,

I=1,+1, Equation 2-5

dif
A typical Current-Voltage (I-V) plot is shown in Figure 2-3.
Recombination current in the depletion region dominates at low voltages.
Current components depend on applied bias exponentially, however with
different arguments. E. g. the recombination current in the depletion region
I 1s proportional to exp/V,/2]:

I,V,)=1, (0)-|:exp( av, ]—1} Equation 2-6

where /(0) is a recombination current at zero bias. The value of /z(0) can
be obtained as the intersect of the (/-V) slope for the depletion region with
the y-axis. When the voltage increases, the diffusion current in the neutral
region becomes dominant.

1E-5

I~exp(V )

recombimation
in neutral region

I~exp(V_ /2)
recombination
diffusion in 1E-13 in depletion region
neutral region 1 di/( 0)

1 ' 0 ' 1

1E-7

I A

1E-9
generation in
depletion region
+

Figure 2-3. Typical I-V plot for a diode.
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The slope of the current in the neutral region is related to the applied
voltage as exp/V,/ multiplied with a diffusion current at zero bias 1,,(0):

Ly (V) =1,,(0)- {exp{%} - 1} Equation 2-7

1440) 1s obtained by extrapolation of the current slope in the neutral region
to zero voltage.

On the other hand, /z(0) 1s expressed with a width of the depletion layer W,
divided by a recombination lifetime of minorities 7:

A-q-n,-W,
27

r

1,(0)= Equation 2-8

The width of the depletion layer W, is dependent on the doping levels in
the diode. If N,>>Np, it is approximated with the following equation:

.V, =V.) Equation 2-9

Thus, using eqs. 2-8, 2-9 and the value of Iz(0), we can calculate the
recombination lifetime.

A value of the diffusion current at 0 bias, 7,(0), gives us the estimate of the
recombination in the neutral region at the distance of the diffusion lengths
of minorities L, and L, with a relation:

1,,(0)=4- i B -n} Equation 2-10
N,-L, N,-L,

where D, and D, are the diffusion coefficients of holes and electrons,
respectively.

If N,>> Np, the substitution of the diffusion length of holes and electrons
byVD-7in eq. 2-10 gives a dependence of the diffusion current on the

minorities lifetime 7,:
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D 2
1, (0)=4-q- |— S Equation 2-11
T, N,

P
Thus, knowing the value of 1;(0) obtained with (/-V) curve, we can
calculate the minority carrier lifetime in the neutral region 7, with eq. 2-11.

Reverse bias

Under reverse bias the potential across the p-n junction is increased
(VyitV), and minorities cannot overcome this barrier. Hole-electron pairs
generated in the space-charge region are separated and a recombination
current approximate zero. The generation rate G of the process 1s described
as:

G="1

Tg

where 7, is the effective generation time, required for the generation of
electron-hole pairs.

Electrons and holes contribute to the generation component of current in
the space-charge region, /,. Hole-electron pairs generated in adjacent areas
of the neutral region will diffuse towards the space charge region
contributing to the diffusion current or generation in the neutral region, ;.
Thus the total reverse current is the sum of /, and 7 (see Figure 2-3):

I=1,+1, Equation 2-12
The diffusion component does not change with the applied voltage, but the
potential across the junction and the depletion width alters. The
capacitance of the depletion layer varies accordingly. The dependence of
depletion width, W, on applied voltage can be calculated with
Capacitance-Voltage characteristics:

€ €

w,V)y=4- W Equation 2-13

Then, the dependence of current versus voltage can be obtained by
combining [(V) and W,(V) data. The contribution of the diffusion
component to the total current can be obtained as the intercept of the
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Current-Width (I-W,) dependence with the /-axis [9]. The generation
current now can be calculated with eq. 2-12. On the other hand, the
generation current relates to the width of the generation layer W; and the
generation lifetime 7, as follows:

A.q.ni.Wl_
Iy=1=1, == ——*

g

Equation 2-14

The generation layer is a part of the space-charge region, where the
maximum generation occurs. W; is located between cross-points of the
intrinsic level E; with quasi Fermi levels. This width for the p'/n junction is
defined with the following equation [10]:

W :JziskT-{\/ln&—%—\/ln&} Equation 2-15

n; n;
The combination of eq. 2-14 and 2-15 gives the expression for the
generation lifetime 7:

T, = Equation 2-16
¢ 2.(r-1,) 1

Schroder [11] showed that the generation lifetime is related to the
recombination lifetime via the exponential function of the energy of the
trapping center E7:

‘ET_EI"
T,=7, e *T Equation 2-17

4
The analysis of the equation shows that for Cu trapping centers, which
have the energy band between (E--0.15) and (E¢-0.35) eV, the generation
lifetime exceeds the recombination lifetime by 810° and 3'10° times
respectively.

Cu serves as deep traps in the Si, therefore it leads to a decrease of the
recombination-generation lifetimes and an increase of the recombination
and generation current in the neutral as well in the space charge region of
p-n junctions. Thus, an increase of the leakage current and the increase of
forward current can be observed.
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2.2.3 Capacitance-Voltage measurements

2.2.3.1 C-V measurements for diodes

Capacitance-voltage measurements give information about the doping in a
diode. The built-in potential between p' and n-side of a junction and the
depletion width can be calculated based on measurements results.

Under a reverse bias the diode capacitance equals to the capacitance of the
depletion region, which expands with applied voltage. The width of the
space charge region in the reverse bias is described with the following
equation:

W, = \/2, Esi & v, + V“).[NLJFLJ Equation 2-18

where V); is the built-in potential.

Rewriting of the eq.2-13 for a relation (1/C%) and combination with eq. 2-
18 results in the following dependence:

% = 2 IYORVE -V, +7,), Equation 2-19
Eg &g Ny

where N, 1s an effective doping, which is expressed as:

N, N .
o= m Equation 2-20
Thus, the effective doping N, can be obtained from the slope of the 1/C’-
V dependence with the relation:

2 1
T gecg, dll/C?Jav

N, Equation 2-21

In fact, N, 1s not the effective doping, but the effective carrier density,
because holes and electrons, moving under the applied voltage, are actually
being measured. The effective carrier density is approximately equal to the
majority carrier density, therefore we continue to use the term “doping”. A
built-in potential is obtained as the intersect of the (1/C°-¥) plot with the
voltage axis. (N,Np) product can be calculated according to eq. 2-4. Then,
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solving eq. 2-20 with a value of (N4Np) and N, we can calculate apparent
carrier density or doping in p-and n-region.

2.2.3.2 C-V measurements of capacitors

C-V measurements are used to calculate doping concentrations of a
semiconductor, the flat-band voltage and charges in oxide and at the
interface. The measurements were done with a superimposing of a small ac
signal with 10 kHz frequency on a varying dc voltage applied to a gate. An
HP 4140B meter was used as the dc voltage source. An HP 4275 multi-
frequency meter as the ac signal source.

Normal C-V

The capacitance of MOS (Metal Oxide Semiconductor) structure is a
capacitance of the oxide C,, in series with a capacitance of the depletion
layer Cy, formed in Si under applied bias V,:

Cox ’ Cde .
c=—"——"2 Equation 2-22
C,+C

dep

There are three operational regimes of the capacitor: with the silicon
surface brought into accumulation, depletion or inversion under applied
voltage. A C-V curve with the regimes noted is shown with a solid line in
Figure 2-4. If the Si bulk is n-type, a positive gate voltage results in the
accumulation of electrons on the silicon surface. The measured capacitance
in this case equals the charge in oxide of a thickness #,, with the contact
area A:

C=C, =—"*— Equation 2-23

The negative gate voltage causes the depletion of electrons in the silicon
surface layer. The applied bias gives the potential drop across oxide V,,
and a potential drop at the Si surface ¢:

V, =V, +d Equation 2-24

The surface potential determines the width of the depletion layer. The
capacitance of the depletion layer is reciprocal to the depletion width W,
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c, =2 Equation 2-25

When the potential drop at the Si surface, ¢, equals two times a bulk
potential in the Si, ¢,, the width of the depletion region reaches maximum.
The related applied voltage is called threshold voltage V7.

The further increase of the bias results into a creation of an inversion layer
in the silicon surface region. The charge in the inversion layer is governed
by the generation rate of carriers in the depletion layer, which is a slow
process and cannot follow a high frequency measuring signal. Thus, the
relation for the measured capacitance in inversion Cp,;, with eq. 2-22 and 2-
25 with a maximum depletion width ¥,,, becomes

Coin = I;WW Equation 2-26

C, &g4d

ox

The width of the inversion layer depends on doping Ny as

Equation 2-27

At very low frequencies, the charge variations in the inversion layer can
follow the measuring signal, and the measured capacitance approaches the
oxide capacitance. Now using C-V plot the doping density of Si can be
calculated using eq. 2-26 and 2-27 by numerical methods.

Charges in oxide

A difference of work functions for the Si and metal, @, results in a
potential drop across oxide and a bending of the energy band in the Si. The
gate voltage, at which there is no band bending, is called a flatband
voltage, Vj, The corresponding capacitance 1s called flat-band capacitance
Cp. At Vy, the effective width of the depletion layer is the distance over
which the charge imbalance is neutralised by majority carriers under
equilibrium conditions [12]. This distance is called Debye length L, and
expressed via Np with the following equation:
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L,= /@ Equation 2-28
q° Ny

Eq. 2-22 can be written for the flat band capacitance as:

Cy= Equation 2-29

£ £

ox Si

In practice, there are four different kinds of charges in MOS structure:
fixed oxide charge, oxide trapped charge, mobile charge in oxide and
interface states charges. The last two are influenced by an applied voltage.

To account for the distribution of charges throughout an oxide, a body
factor for the oxide ¥, is introduced:

tox

[Ge/t,0p(x)-dx

tox

| P

Vo = Equation 2-30

The body factor equals 0 for a charge located at the gate-SiO, interface,
and 1 at the S10,-S1.

Charges result in a potential drop across the dielectric, contributing to V.
The relation of flatband voltage with @,,, potential drops in oxide due to a
mobile charge Q,, fixed charge O, trapped charge O, and charge due to
interface states Q;,1s given by:

V/b=¢ms—70x&—& Q0 _9

c ¢ T c "¢

cx ox oXx ox

Equation 2-31

Figure 2-4 demonstrates the deviations of C-V plots from ideal curve
without any charges. The oxide charges produce a parallel shift of the line.
The shift of flatband voltage, correlated with the total charge Qi 1S
shown with a dotted line.
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Figure 2-4. C-V plot demonstrating the effect of oxide charges and interface
states. Regions of inversion, depletion and accumulation are assigned to a
device without interface states.

The dashed line illustrates the effect of interface states. The C-V plot is
smeared along the voltage axis. The interface states are characterised
usually with an energy level close to the intrinsic level in the Si band gap.
As a result, if the Fermi level changes at the interface, the charge of the
interface states alters. Thus, in n-Si the interface states are negatively
charged or neutral. In inversion the states are positively charged and the C-
V curve shifts to a lower voltage. In depletion the interface charge is
negative and the curve is shifted to a higher voltage.

A density of interface states D;, can be calculated by the Terman method.
At first, a surface potential versus applied voltage is calculated for the ideal
case (D;~0) and for the measured capacitance (D,#0). Then, a voltage shift
AV,, obtained at the same surface potential ¢, can be plotted versus the
surface potential. A slope of this dependence [d(A4V,)/d¢@s] is proportional
to the density of the interface charges as follows:

_C d(47,)

it Equation 2-32
q dgg

This method is useful for measuring densities above 10' cm™,
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Effect of copper charges

Cu drifts in SiO, as Cu’ under an applied electrical field at elevated
temperatures. A density of mobile charge can be obtained from the
flatband voltage shift after bias-temperature stress (BTS). At room
temperature copper ions are considered to be immobile. However, when
the copper charge is located at the gate/SiO, interface, it images the charge
in the gate and does not effect the flatband voltage. When Cu ions diffuse
towards the Si0,/Si interface, the charge will image in the Si, giving a
change of V.

When a barrier failed, Cu will diffuse fast in the Si wafer, but slow in the
Si0,. As a result, changes in C-V characteristics can occur even without
Cu' ions diffused through SiO,, if there are neighboring devices with a Cu
contact to Si. Thus, devices for testing the barrier performance on Si
(diodes) and on SiO,; (capacitors) must be made on separate wafers.

2.2.4 Capacitance-time measurements

Capacitance-time measurements are used for the extraction of the
generation lifetime 7, [12]. The test is performed on a capacitor pumped
into deep depletion. The capacitance (depletion width) changes in time.
How fast the capacitance is changing depends on the thermal generation of
electron-hole pairs. Results of the measurements are usually plotted as a
Zerbst plot using the following relation:

2

C 2n, C _(C. 2n,

_ d ox — n, L _ox v _ 1 +£.gﬂ’ Equatlon 2—33
a\c) 7N, ¢, \ C Npt, &

where s is the surface generation velocity.

The vertical axis of the Zerbst plot is -d(C,,/C)’/dt and proportional to the
generation current. The horizontal axis is (C;,/C-1) and proportional to the
generation width of the space charge region. The deviation of the
dependence from the straight line at the beginning is due to the fact that
equilibrium has not been reached yet. The plot can be curved at the end,
because of field-enhanced emission from interface or the bulk traps. The
slope of the straight part of the plot is 2n,C,/NpC;, 7. Thus generation
lifetime 7, 1s reciprocal to the slope.
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2.2.5 Triangular Voltage Sweep measurements

TVS i1s used to measure mobile ions in oxide at elevated, constant
temperature in air environment [12]. Initially, the electrical field applied to
the capacitor pushes mobile ions through a barrier and oxide towards the
Si0,/Si interface. Then an inverse applied bias forces the mobile ions to
drift backwards. The corresponding current is measured. Applied bias V, is
changing in time ¢ with a constant ramp o as following:

V.=V, 0)+a-t Equation 2-34

An example of the /-V curve is presented in Figure 2-5. The measured
current is the sum of displacement current /. and current due to mobile ions
1,,. The displacement current is proportional to the capacitance C and given
by:

0 _do &V, _

c C-o; Equation 2-35
e dv, dt

where Q includes all charges except mobile.

The current due to mobile ions is related to the charge of mobile ions Q,,

I, = % Equation 2-36

If several peaks are observed in the curve, they are attributed to ions with
different mobility. High mobility ions move at a lower electrical field than
low mobility ions. As a result, a peak for ions with a high mobility (Na’,
for example) appears at lower bias than a peak for Cu” ions. The number of
mobile ions corresponds to the area of the peak based on a level of
displacement current. The peak for Cu' ions is expected to be at about
1 MV/em when measured at 250-300 °C [6, 13].
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Figure 2-5. Illustration of the TVS method.

2.3 Test structures
2.3.1 Structures for resistance measurements

Van der Pauw structures

Van der Pauw structures were designed for the sheet resistance
measurements of the Si bulk and metal contact on SiO, (see Figure 2-6).
Three different designs are available, see Table 2-1: an uncovered van der
Pauw structure (P1), a structure with the metal contact to the Si-bulk (P2)
and SiO, (P3). The structure P1 is used to measure sheet resistance after
the processing as a reference. The metal covered structure is designed to
measure a change in sheet resistance when copper ions have diffused
through the barrier material into the Si (P2) and oxide (P3) or changes in
the metallization stack of barrier/Cu.

Figure 2-6. Van der Pauw structures.
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Table 2-1. Description of van der Pauw structures.

Sio Boron

. b . .

Idi LOCOS 1mpl‘anted barrier/ Cu remarks

SlOz

P1 |no yes no ptSi/50nm SiO,  |to measure changes in Si
bulk

P2 |no yes yes p+Si/ Me to measure changes in Si /
Me stack

P3 |yes yes yes nSi/ Si0,/ Me to measure changes in
Cu/barrier on oxide

2.3.1.1 Four-point probe measurements

Stacks with the Cu/barrier metallisation on SiO,(700 nm)/Si substrate are
used for sheet resistance measurements in- situ. The schematic of the tested

combination is shown in Figure 2-7. The thickness of the Cu layer was 200
nm or 100 nm.

Barrier

Si0,

Si

Figure 2-7. Schematic presentation of a structure for the four-point probe
measurements.

2.3.2 Diodes

I-V and C-V measurements were performed on diodes before and after an
annealing treatment in forming gas (N,/5% H,). Tests results were used to
calculate changes in minority lifetime. Two series of diodes were designed:
one with one contact opening for devices with an area between 1110 and
2.56'10> cm® (D1-D5) and the other for the large active area of 2.56107
cm® with a varying area of contacts openings (DS1-DS3, DLI1-DL3).
Examples of the openings of a different geometry with equal active area

are shown in Figure 2-8.
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Figure 2-8. Diodes with different geometry of the contacts openings.

2.3.3 Capacitors

C-V, C-t and TVS measurements were applied to calculate the amount of
charges in oxide and detect Cu penetrating the SiO,/Si interface.

Capacitors with a different area to perimeter ratio (C1-C5) were designed
and presented in Figure 2-9. The devices were manufactured on Si with
200 nm thermal oxide. A Cu metallisation on barrier was used as a gate
electrode. References with the Al metallisation on barriers were also made.
The area of electrode varies from 110 to 2.5610% cm® for C1 and C5
capacitors, respectively.

CA

cH

c3
c2
c1

Figure 2-9. Capacitors test structures.

2.4 Experimental details

Diodes and capacitors were manufactured on individual wafers, thus two
groups of wafers and process flows were used.
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2.4.1 Diode process flow

(100) n-type Si 3 and 4 inch wafers with a bulk resistivity 1-10 'cm were
used. The process sequence is shown in Figure 2-10. After 700 nm field
oxide was grown, the active areas were defined and protected with 50 nm
sacrificial oxide. A shallow p+ channel was fabricated with BF,"

1. growth of 700 nm Si0, .
Sio n-Si substrate
i} Sio,
‘ 2. active area formation | ‘
n
3. growth of 50 nm
sacrificial oxide n
4. BF, implantati —
‘ . implantation ‘
¢ n
5. backside implantation
=
- \ | gnnn | |
6. formation of contact P ‘
areas Il |
‘ 7. barrier deposition
‘
L pE
‘ 8. Cu metallisation ‘ ‘ 8. Al metallisation ‘ n
[ ]
N2
‘ 9. contacts definition ‘ i
n
‘ 10.backside meatllisation pq;"!
n

Me

‘ 11. dicing of wafers ‘

I
% v
‘ 12. no heat treatments ‘ ‘ 12. heat treatment ‘

Figure 2-10. Process overview for the fabrication of the test structures.

ion implantation (70 keV-2x10" at/cm®). The following backside
implantation with P* (100 keV-8x10" at/cm®) resulted in a gettering n”
layer. Removal of the implantation damage was preformed at 900 °C in
inert N, atmosphere for 1 hour. The p'/n junction was formed at a depth of
0.25 um. Then the contacts holes were etched in a buffered HF solution
(1 HF:6 NH4F) for 3 min. Before barrier deposition the wafers were dipped
in 0.3 % HF for 3 min. After a barrier was grown, the wafer was
transferred into a sputtering equipment to deposit Cu or Al-reference
samples. Metal contacts to devices were defined by photolithography and
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wet etching: for Cu 5 % HNO; and for Al a solution of H;PO,: CH;00H:
HNO; was used. The barrier was etched in a CF,/O, plasma. After the front
side of the wafer was protected with photoresist, oxide on the backside of
the wafer was etched off in a buffered HF solution. An Al layer was

deposited on the backside and the photoresist was removed in fuming
HNO:;.

The fabricated wafers were diced in quarters and annealed at different
temperatures before electrical testing. Van der Pauw test structures were
made with the same process flow.

2.4.2 Capacitor process flow

(100) n-type Si 3 inch (Chapter 5) and 4 inch (Chapter 6) wafers with a
bulk resistivity 1-10 Q'cm were used. The process sequence for a making
capacitors does not include steps 2-6 in Figure 2-10. During the 1* step a
silicon thermal oxide layer with a thickness of 195 nm (Chapter 6) or 700
nm (Chapter 5) was grown in water vapour. Afterwards, wafers were
annealed at 450 °C for 30 min in wet N, atmosphere to remove states at the
Si0,/S1 interface. The further procedure is identical to the one for diodes.
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Thermodynamics

3.1 Introduction

Thermodynamic calculations are commonly used to describe chemical
vapor deposition (CVD) processes. They can be used to predict the
formation of a solid phase and products in the gas phase. Parameters like
temperature and partial pressure of the gaseous species along with
thermochemical data are used as input.

The conditions of thermodynamic equilibrium (when a system is
characterised by a minimal Gibbs free energy) can be determined as a
result of the thermodynamic calculations. The Gibbs free energy for a
system, which consists of ng,, gaseous species and n; solid species is given
by:

M gas n,
G=)> (n,.AG;aS +RTInP+2TIn Nn_j + anAG_f Equation 3-1
j J

i gas

where n; and n; are the number of moles of gaseous species and solid
species, respectively; N, the total number of moles of gaseous species; P
total pressure;

AGy’, AGY is the Gibbs free energy at standard pressure of gaseous and
solid species, respectively. This is defined by the enthalpy of the species i
(orj) AH’; and entropy S’; at temperature T as follows:

AG! =AH,” —=TAS/ Equation 3-2

where AH’; and S°; are dependent on the heat capacity of the species i, cpi,
which changes non-linearly with temperature (see Appendix). The
thermodynamic calculations aim to obtain the set of n; and n; such that the
Gibbs free energy has a minimum value. For a system with multiple
species this optimization can be done effectively only by a computing
program. In this case the accuracy of the calculations depends on the
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availability of the thermochemical data and their quality for all possible
species in the system.

In this study the thermodynamical calculations were performed with a
thermochemical code called “ChemSage” [1]. This code uses a data base
of the Scientific Group Thermodata Europe (SGTE) bank. Data for
tungsten nitride species were selected carefully from available literature
[2]. Some lacking data for carbon containing species were obtained from
literature additionally [3, 4]. Thermodynamical properties such as entropy
(S,0s”), enthalpy (AH,s") at standard pressure, and temperature, and
specific heat capacity at constant pressure (c,) or AG(T) are listed in Table
A in the Appendix.

3.2 Thermodynamic calculations

Not much is known about the deposition conditions of LPCVD W,Si,N .y
layers. An experimental study of the system WF4-NH;5-Si;Hg-H,-N,-Ar and
WF¢-NH;-H, showed that WF, reacts with NH; even at low temperatures
with formation of solid adducts such as NH,F [5] and/or WF¢NH; [6]. In
order to eliminate gas phase reactions and adducts formation, NH; was
replaced by NFj; in this research. WF4 and SiH, were used as precursors of
W and Si, respectively. There is a limitation on the N and Si content in the
films. The nitrogen content should be kept lower than the W content,
N/W<'1 [7] in order to obtain a material with a low resistivity [5]. The
silicon content must be low to avoid a reaction between Si and Cu.
W,SiyN .y compounds with a Si/W ratio of 1.5 are reported as good
diffusion barriers [8]. The thermodynamic calculations for the system
WF¢-NF5-SiHy-Ar must be done to obtain input for the gas flow ratio’s of
precursors resulting in the deposition of compounds with an appropriate
composition to act as diffusion barrier. The results are presented in Section
3.2.1.

The sequence of precursors for the ALD (Atomic Layer Deposition)
process of WCyN, ., compounds using WFs, NH3, TEB (triethyl borane,
(C,H5);B) has already been established [9]. The ALD process of the same
compound but using precursors such as WFq, NH;, and C,H, is being
studied for the first time. The ALD process is based on a cycling sequence
of different precursors separated by inert gas (N,) and each precursor
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chemisorbs on a surface of a growing film (see Chapter 6, Introduction).
However, we do not know what species are formed as a result of
chemisorption. Moreover, no data on these species (WFX*, SiHX*, etc.) are
available. That is why in this case the thermodynamic calculations can be
used only to suggest a probable outcome of the reactions between two
precursors.

3.2.1 CVD of W,Si,Ny...,

Figure 3-1 shows the results of the thermodynamical calculations for a
varying mole ratio of SiH; and WF4 at 385°C. The amount of WF4 was
fixed to 1 mole, the amount of NF; to zero. Growth of W takes place up to
a SiH4/WFg ratio of 1.5. At larger ratio’s the formation of the W;Si; phase
is predicted in parallel to the W growth. The very small increase of a
SiH4/WFg ratio from 1.5 up to 2.1 results in a growth of WSi, phase in
addition to WsSi3. Thus, the Si content in the product is strongly dependent
on the ratio of SiH, to WFg. This trend was confirmed experimentally by
Schmitz [10]. The majority of gas species formed during the process were
SiF,4, H, and HF (see Figure 3-1). The formation of HF, however, was not
detected by experimental studies. Here SiF,, H, [11] and SiHF; [12] were
mainly found in the gas phase.

Figure 3-2 and Figure 3-3 show the calculated equilibrium amount of
species versus mole ratio of SiHy/WFg at 385 °C with 0.5 and 1 mole of
NF;, respectively. Tungsten nitrides are not formed, because they are
unstable under the studied conditions from a thermodynamics point of
view. This is due to the fact that the thermodynamic functions for W-
nitrides are available for the high- pressure region (10-200 bar) only [2].
Despite this fact, for the WF¢-NF;3-SiHs-Ar system it was still useful to
evaluate partial pressures of species in the gas phase and to predict the
possible regimes for deposition of compounds with a certain composition.
As can be seen, the amounts in Figure 3-1, Figure 3-2 and Figure 3-3 are
rather similar exept that curves are shifted along the x- axes towards larger
ratio of SiH4/WF¢. The Si content in the material formed is also strongly
dependent on the ratio of SiH, to WF¢. At low SiH,/WFj ratio the addition
of NF; leads to an increase of HF formation in the gas phase.
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The situation at 250 °C is somewhat different. At SiH/WF4<1.1 at 250 °C
the calculations predict the formation of WF,-solid adduct. With the input
ratio of SiH4/WF>1.1 the outcome of the reaction is the same as at 385 °C.

In order to satisfy the requirement on Si content (see 3.2) the layers should
be rich in W and should contain Si with a ratio of Si/W<1.5 [8]. That is a
W-Si-N compound, which consists of W, W5Si;, and SizN4 phase. This
material may be formed at equilibrium conditions at SiHy/WF=3+3.6, if
NF;=WFs=1 mol (see dashed area in Figure 3-3).
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Figure 3-1. The equilibrium amount of the species versus mole ratio of
SiH/WFs at 385 °C and a total pressure of 0.2 Torr. Partial pressure of Ar is
0.15 Torr. Input amount of WE s and NF’; is 0 mol.
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Figure 3-2. The equilibrium amount of the species versus mole ratio of
SiH/WFs at 385 °C and a total pressure of 0.2 Torr. Partial pressure of Ar is
0.15 Torr. Input amount of WFs and NF’; is 0.5 mol.
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Figure 3-3. The equilibrium amount of the species versus mole ratio of
SiH/WFs at 385 °C and a total pressure of 0.2 Torr. Partial pressure of Ar is
0.15Torr. Input amount of WFs and NF3 is 1 mol. Dashed area indicates the
range of flow ratio’s for the products with the Si-content allowed.
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3.2.2 ALD of W,C,N...,

Growth experiments were performed in parallel to the thermodynamic
calculations. Initially a sequence of WF¢/C,H,/NH; was studied.

When the pulse of C,Hy4 is introduced, two reactions can take place:
between C,H, and W or C,H, and WF; (used in the calculations instead of
WF,). Both reactions result in the formation of WC and C:

W +xCHy = WC + 1.91xC + 1.82x'H, + 0.089x CH, Equation 3-3

WF¢ + xC,Hy = WC + (1.93x-0.83) C + (1.86x-2.66)H, + (0.07x-0.17)CH,4 +
6HF Equation 3-4

with x> 2

In the gas phase mainly HF, H, and CH, are present in equilibrium. Minor
amounts of the species CF,, CH3F, i.e. ~10™"" Torr are found.

The results of experiments with a cycling sequence of WF¢/C,H,/NH;
showed no film growth (Chapter 6 ALD Table 6-2, p. 116) at 350 °C. This
disagreement with the results of the calculations can be explained either by
the thermochemical data used (e. g. for WF¢ instead of WFy), resulting in a
wrong AG (see eq.3-1, 3-2) or by the kinetics of the growth process. In the
last case it could be that either the real conditions during the growth do not
allow a reaction to take place or a reaction takes place, but stops when W
or WC is passivated. Most probably, the growing surface is passivated with
CH," species, which are present after decomposition of C;H; on the W
surface [13].

Considering that WF¢ reacts with NH; with a growth of tungsten nitride
[14], a cycling sequence of WF¢/NH;/C,H, was tried. The obtained films
were hardly continuous. It can be that either CH, or some products of
reaction between CHZ* and WFg decrease the amount of reactive sites
available for a continuous growth. These products can be compounds with
C-F bonds, for example CF, or CH3F, which were predicted to be stable
thermodynamically.

Removal of these species could enable further reaction. SiH; was
introduced to promote further growth, because it forms with fluorine a
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volatile SiF, or SiHF; and with carbon SiCHj3F;. The thermodynamic
calculations were performed, assuming that products of the reaction
between WF¢ and C,H,, 1. e. CF4, CH;3F, C and SiH,, are present as input.
Figure 3-4 shows the equilibrium amounts of species calculated for this
case. The equation for the reaction between CF4, CH3F and SiH, is written
as:

0.5 CF,+ 0.5 CH;F + 0.5 C +xSiH, = 1.5 BSiC + (x-2.13)Si + (2x+0.75)H, +
0.62 SiF, Equation 3-5

for x> 2.1.

H, and SiF, are obtained mainly in the gas phase with formation of BSiC
and Si. For x< 2.1 it is possible to form CH; and a small amount of
SiCH;F; phase at a pressure less than 10" Torr.

10

equilibrium amount, mol

SiH, amount, mol

Figure 3-4. The equilibrium amount of species versus the amount of SiH, at
350°C and a total pressure of 0.75 Torr. Input amount of CF,, CH;F and C is
0.5 mole.

Experiments showed that the sequence of WF¢/NH3/C,H,4/SiH, resulted in
the growth of continuous films, which did not contain carbon and Si.
Moreover, virtually no fluorine was found in the film. Whereas in tungsten
nitride grown with a sequence of WF¢/NHj; [15] concentrations of F were
found up to 4 at%. This indicates that NH; alone can not reduce all F-
bonds. In our case fluorine was removed along with carbon and silicon.
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This suggests that the formation of CHF3, SiICH;F; or SiF, or other species
containing Si, C and F is preferred to the formation of BSiC, as predicted
with thermodynamics. It could also be that or the calculations resulted in a
wrong AG due to the thermochemical data used (see above).

Thus, in the case of the ALD the thermodynamic calculations with
available data are not suitable for (qualitative) analysis of the process.

3.3 Summary and conclusions

For the deposition of the ternary compounds of W,Si, N, in the WF,-
SiH4-NF;-Ar system the thermodynamic calculations show no formation of
tungsten nitrides. This result is, however, due to the available
thermodynamic data obtained for a high pressure range.

The stoichiometry of the predicted compounds (Si content) is strongly
influenced by the ratio of SiH4/WFs in the temperature range of 250-
385°C. In order to deposit W-compounds containing a small amount of Si a
flow ratio of SiH4 to WF; should be kept in the narrow range between 3
and 3.6.

Thermodynamic calculations for the ALD process of the W,C/Nj..,
compound were performed in parallel with the growth experiments. The
disagreement between thermodynamics and growth Kkinetics can be
explained either by replacement of WF, chemisorbed species by WFg in
the calculations or by the kinetics of the growth process. The calculations
with available data are not suitable for qualitative analysis of the process.
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APPENDIX

A standard heat capacity was described with a polynomial equation as
given:

CP:A+B-T+C-T2+£2 Equation 3-6
T

Gibbs free energy was described as:

G(T):A+B-T+C-T-1nT+D-T2+E-T3+§ Equation 3-7

Table A. Thermodynamical properties of gas species included in calculations.

species AHyo°, S»og” C, J K 'mol™
Jmole! | TK'mol™
A B C D

Ar 0 154.84 20.786

F 79380 158.75 23.591| -3.88E-03| 1.52E-06, 1.65E+04
F2 0 202.79 29.085| 1.49E-02| -6.97E-06 -1.44E+05
FH -273300 173.77 29.954| -3.15E-03| 3.38E-06, -1.55E+04
F2H2 -572664 238.85 33.652| 5.28E-02| -2.28E-05| -2.23E+05
F3H3 -879100 288.46 75.002| 4.94E-02| -1.43E-05| -1.12E+06
F4H4 -1183820 349.21 105.534| 6.60E-02| -1.91E-05| -1.50E+06
F5HS5 -1489710 408.44 136.073| 8.24E-02| -2.38E-05| -1.89E+06
F6H6 -1807660 466.42 169.970| 9.05E-02| -2.32E-05| -2.39E+06
F7H7 -2102540 523.43 201.065, 1.06E-01| -2.71E-05| -2.79E+06
FHN 112000 230.80 25432 3.55E-02| -1.32E-05 3.42E+04
CFN 35980 225.40 31.390| 4.29E-02| -1.89E-05| 0.00E+00
FH2N -75000 229.53 14.867, 7.09E-02| -2.48E-05| 2.38E+05
F2HN -103000 252.81 24.093| 8.16E-02| -3.71E-05 -1.57E+05
C2F3N -495390 298.53 38.460| 1.60E-01| -7.94E-05| 0.00E+00
FHSi -162657 238.69 31.047| 3.36E-02| -1.16E-05/ -2.01E+05
FH3Si -376560 238.40 21.110| 1.15E-01| -4.86E-05 -3.51E+05
F2H2Si -790776 262.13 33.250| 1.08E-01| -4.94E-05 -6.04E+05
F3HSi -1200810 277.27 47487 9.66E-02| -4.76E-05 -7.61E+05
FN 232990 213.02 25.144, 2.04E-02| -9.55E-06 -1.44E+04
F2N 34421 249.63 33.319| 4.48E-02| -2.34E-05| -3.17E+05
F2N2 CIS 62030 266.50 41.659| 6.98E-02| -3.49E-05 -4.49E+05
F2N2 TRANS 67311 262.10 40.183| 7.18E-02| -3.57E-05 -4.47E+05
F3N -131700 260.82 39.012| 8.82E-02| -4.91E-05| -6.60E+05
F4N2 GAUCH -20549 315.02 78.034| 1.00E-01| -5.30E-05 -1.32E+06
F4N2 TRANS -23001 308.99 68.234| 1.27E-01| -7.28E-05| -1.25E+06
FSi -25232 225.79 30976/ 1.11E-02| -5.08E-06, -1.05E+05
F2Si -592838 256.58 41.001| 3.18E-02| -1.70E-05 -3.97E+05
F3Si -996437 279.70 53.734| 5.39E-02| -2.87E-05| -7.61E+05
F4Si -1615000 282.76 63.600| 8.00E-02| -4.19E-05| -8.99E+05
Fw 386000 254.22 34.654| 2.32E-03| 1.34E-06, -2.64E+05
F2W -86000 275.86 53.023| 1.59E-02| -7.69E-06, -5.22E+05
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F3w -507000 310.16 69.398| 2.48E-02| -1.28E-05| -1.03E+06
F4W -929000 344.80 99.206| 1.23E-02| -3.70E-06| -1.13E+06
F5W -1293000 365.00 104.462| 6.33E-02| -3.39E-05 -1.32E+06
F6oW -1721720 341.12 109.302| 1.10E-01| -7.22E-05 -1.47E+06
H 217999 114.72 20.786| 0.00E+00| 0.00E+00| 0.00E+00
H2 0 130.68 31.357| -5.52E-03| 4.48E-06| -1.13E+05
HN 358433 181.22 29.254| -2.27E-03| 4.32E-06| 2.12E+04
HN3 294000 239.33 31.620| 5.72E-02| -2.10E-05| -2.30E+05
H2N 190000 194.99 27.174| 1.66E-02| -3.01E-07| 1.58E+05
H2N2 1 283962 228.23 11.294| 7.92E-02| -3.04E-05| 3.58E+05
H2N2 CIS 247885 218.43 10.046| 7.71E-02| -2.66E-05| 4.21E+05
H2N2_TRANS 211859 218.33 8.430| 7.96E-02| -2.79E-05| 4.77E+05
H3N -45940 192.77 21.218| 4.57E-02| -1.08E-05| 1.53E+05
HAN2 95180 238.46 9.501] 1.45E-01| -6.57E-05| 1.34E+05
HSi 368636 198.05 23.285| 1.43BE-02| -3.83E-06| 2.53E+05
H2Si 273333 207.48 22.831| 3.68E-02| -9.71E-06/ 1.81E+05
H3Si 204520 216.85 23.372| 6.54E-02| -2.18E-05| -4.59E+04
H4Si 34309 204.65 14356/ 1.10E-01| -3.98E-05| -6.91E+04
H6Si2 80300 272.66 54.020| 1.36E-01| -4.48E-05| -1.03E+06
SiCH3F3 -1232001 314.20 43360/ 1.86E-01| -8.26E-05/ 0.00E+00
SiC4H12 -286604 361.19 38.857| 3.75E-01| -1.33E-04| 0.00E+00
N 472687 153.30 20.894| -1.69E-04| 6.01E-08 -5.58E+03
N3 436000 223.07 24.402| 5.02E-02| -2.05E-05/ -1.23E+05
NSi 378000 216.81 11.488| 5.52E-02| -2.49E-05| 4.02E+05
NSi2 384000 256.48 47.115| 2.82E-02| -1.51E-05/ -3.82E+05
CSi 734950 226.21 28.290| 1.45E-02| -5.88E-06| -9.56E+04
C28i 615048 236.73 34.860| 4.24E-02| -1.96E-05| 0.00E+00
CSi2 535600 242.30 37.170| 4.08E-02| -1.95E-05| 0.00E+00
Si 450000 167.98 21.041| -7.59E-04| 5.84E-07| 1.24E+05
Si2 583862 238.00 35.983| 1.88E-03| 2.90E-07| -2.50E+04
Si3 627869 279.18 46.874| 3.47E-02| -2.12E-05/ -3.90E+05
C 716680 158.10 20.975| -4.00E-04| 2.01E-07| -3.36E+03
C2 830457 197.10 97.481| -1.64E-01| 1.18E-04| -1.38E+06
C3 839958 237.61 32216 2.91E-02| -1.07E-05| 2.01E+05
CF 244072 213.03 23.163| 2.24E-02| -1.01E-05| 9.80E+04
CF2 -182004 240.83 19.473| 7.57E-02| -4.47E-05| 7.85E+04
CF3 -470282 265.08 21.251| 1.20E-01| -7.07E-05| -8.77E+04
CF4 -933200 261.45 33.721| 1.35E-01| -7.31E-05| -5.71E+05
C2F2 20900 244.10 36.010| 8.33E-02| -4.00E-05| 0.00E+00
C2F4 -658600 300.00 36.310| 1.79E-01| 1.02E-04| 0.00E+00
C2F6 -1343900 332.19 47.874| 2.72E-01| -1.67E-04/ -6.68E+05
CH2 390421 194.90 27.632| 1.58E-02| 2.33E-07| 1.25E+05
CH3 146300 193.96 25.844| 4.25BE-02| -9.52E-06| 6.65E+04
CH4 -74600 186.37 2.235| 9.69E-02| -2.60E-05| 6.11E+05
C2H2 227400 200.93 43.333| 3.19E-02| -6.58E-06 -7.34E+05
C2H4 52400 219.32 -1.510f 1.59E-01| -6.69E-05| 2.53E+05
C3H4 1 192129 244.04 10.206| 1.91E-01| -9.05E-05| 0.00E+00
C3H6 20418 266.67 5.297| 2.21E-01| -8.35E-05| 5.98E+04
C3H6_1 53304 237.55| -238.356| 1.03E+00| -8.06E-04| 5.32E+06
CHN 135140 201.83 25.730| 3.88E-02| -1.45E-05| 0.00E+00
CN 440287 202.64 23.312| 1.36E-02| -3.67E-06/ 1.88E+05
C2N2 309100 242.20 52.476| 3.47E-02| -9.85E-06| -4.32E+05
CH2F2 -450659 246.70 12.250| 1.15E-02| -4.41E-05| 0.00E+00
CH3F -234300 222.80 37.500| 0.00E+00| 0.00E+00| 0.00E+00
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C2HF 125500/  231.60]  34.900] 6.96E-02] -3.18E-05/ 0.00E+00
CHF 125500  223.40]  25.900| 3.16E-02| -9.47E-06/ 0.00E+00
CHF3 -697100] 25970 16.020] 1.37E-01 -6.25E-05 0.00E+00

Table B. Thermodynamical properties, Ay, S’ and C, of solid phases,

included in calculations.

species AHaog° S208° C,
A B C
C 0 5.69 -3.026/ 4.75E-02| -2.35E-05| -4.56E+04
aSiC -71546 16.49 26.496| 4.07E-02| -1.85E-05| -9.08E+05
BSiC -73220 16.61 25.924| 4.20E-02| -1.92E-05| -8.80E+05
WC -40041 32.38 43.376| 8.64E-03| -1.02E-06| -9.32E+05
w2C -46024 81.59 89.747| 1.09E-02| 0.00E+00| -1.46E+06
W -7646 130.40 -24.100| -1.94E-03| 2.07E-07| 4.45E+04
NH4F -467560 71.97 12.967| 1.75E-01| -1.09E-07| 8.10E+02
WF4 -1237000 142.00 105.659| 3.47E-02| -2.22E-10| 9.48E+01
WEF5 -1448000 165.00 125.362| 4.91E-02| -6.45E-11| 5.81E+01
WF6 -1747300 268.00 169.000| 0.00E+00| 0.00E+00| 0.00E+00
Si3N4 -737639 107.11 70.417| 9.87E-02| 0.00E+00| 0.00E+00
Table C. Temperature dependence of Gibbs free energy for solid phases.
species AG(T), Jmol-1
A B C D E
W2N -7646 130.40 -24.100| -1.94E-03| 2.07E-07| 4.45E+04
delta. WN -66519 272.76 -45.645| -3.53E-03| 0.00E+00| 3.93E+05
Si -8163 137.24 -22.832| -1.91E-03| -3.55E-09| 1.77E+05
WSi2 -39030 135.66 -23.255| -1.92E-03| 6.66E-08| 1.33E+05
W5Si3 -27044 131.19 -23.624| -1.93E-03| 1.28E-07| 9.41E+04
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4.1 Introduction

Interconnection signal delay, characterised by the resistance-capacitance
constant-RC, can exceed the transistor gate delay significantly for circuits
for the 0.18 um technology node and beyond. In order to reduce the RC
delay, first of all, the interconnects resistance is reduced by using Cu with a
bulk resistivity of 1.7 u€2'cm instead of Al with a resistivity of 2.7 p€2cm
[1]. However, to prevent Cu diffusion Cu must be separated from the
active area of devices by a diffusion barrier. Ta-based films, i.e. Ta [2],
TaNi [2], [3], TasSi;x [4], TayCix [5], have shown to be excellent
diffusion barriers. A Cu/Ta-based barrier combination is characterised with
a high thermal stability at back end processing temperatures, which can be
as high as 400 °C. Secondly, RC delay can be reduced by making the
interconnect capacitance in Si IC’s smaller. In this case, cross-talk and
power dissipation are also reduced. In order to reduce the interconnects
capacitance the conventional dielectric, SiO, should be replaced by
materials with a low dielectric constant k (low-k materials). SILK™ is one
of the possible candidates having a dielectric constant of 2.65 [6]. SILK™
is an aromatic hydrocarbon polymer. Pores introduced into SiLK™
decrease the dielectric constant. The porous SiLK (with pores of about 10
nm diameter), pSiLK, has a dielectric constant of 2.1. The lower dielectric
constant makes pSiLK the more advantageous low-k dielectric. On the
other hand, as a material with pores it can exhibit integrity problems, for
example due to poor adhesion.

The high back-end temperatures may lead to chemical reactions between a
barrier and SiLK or pSiLK during the processing of the barrier/low-k
dielectric stack with Cu. As a result a change in the resistivity of the barrier
and even adhesion failure may occur. The thermal stability of a Ta-based
barrier (Ta or TayN; or Ta,Si, or Ta,C,)/SiLK or pSiLK combinations
is the focus of our study in this chapter.
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4.2 Experimental

4.2.1 Sample preparation for reactivity test

(100) Si wafers with 700 nm SiO, were used. SiLK or pSiLK layers were
formed by spin coating on the top of the Si0, using an oligomeric solution,
SiLK™. After curing at 400 °C the thickness of the SiLK or pSiLK layers
was 400 nm. Barrier layers (Ta or TayN; or TagsSis or TagCjy ) with a
thickness of 20 or 25 nm were deposited by RF- sputtering. The pure Ta
films were deposited in Ar. Tantalum nitrides and tantalum carbide films
were sputtered in (Ar+N;) and (Ar+CH,) gas mixtures, respectively. For
the Ta,N,, films x varied between 0.94 and 0.84. The films of Ta
containing silicon were deposited by co-sputtering from a Ta and a Si
target. A 2-3 nm oSi film was sputtered on top of the barrier without
breaking vacuum to prevent oxidation in air ambient. shows a schematic

of the prepared stacks.
oSi
barrier interface of
SiLK interest
SiO,

Si- substrate

Figure 4-1. Schematic of the prepared stack.

4.2.2 Sample preparation for adhesion test

The test structure for adhesion test consists of two diced out pieces of the
samples with a size of 60mm (length) x 10mm (width). The pieces were
cut from as deposited wafers and wafers annealed in N, at 250 or 400 °C
for 15 minutes. The pieces were glued with Epotek 353ND (1:10) together
with films face to face. The glued stripes were cured at 130°C for 1 hour.
Finally, a notch was sawn on one side of the samples with a depth of % of
the wafer thickness to form a pre-crack. Figure 4-2 shows a principal
scheme of the measurements and a schematic of the test structure.
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4.2.3 Measurements

4.2.3.1 Four-point probe sheet resistance measurements

In order to study the reactivity of the low- k dielectrics with Ta-based
barriers four-point probe in situ sheet resistance measurements were
performed at elevated temperature. The measurements were carried out up
to 400 °C under vacuum with a pressure lower than 410° mbar. A
temperature ramp of 3 degree/min for heating up and cooling down was
used. The time step at constant temperature was 120 min. The resistivity of
the Ta or Ta-based films was calculated by multiplying the sheet resistance
and the film thickness.

4.2.3.2 Four-point bend adhesion test

The four point bend technique was used to quantify the adhesion of the
different stacks. Samples were tested in a so-called universal mechanical
test station. Figure 4-2 shows the principal 2-dimensional scheme of the
measurement with a cross-section of the tested structure. A sample is
placed on the lower two bars, represented by the triangles in a cross-
section scheme. During the measurements, a constantly increasing force is
applied to the top bars (see P/2 in Figure 4-2) of the sample in such a way
that the loading points (P/2) are displaced with respect to the lower points
as shown in Figure 4-2. The dependence of the increasing load P versus
displacement is measured during the test. Figure 4-3 presents a load-
displacement plot for a sample with a TayoNj; film on SiLK. At the
beginning of the test the displacement increases linearly (see part 1 of the
plot in Figure 4-3). At some critical displacement the pre-crack notch
collapses and the load drops instantaneously (see part 2 in Figure 4-3).
Now a crack propagates under a constant load along the weakest interface.
This shows up as the plateau in part 3 in Figure 4-3. When the crack
reaches the position of two lower bars, the sample breaks and the load
drops to zero (part 4 in Figure 4-3).
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crack propogation
along SiLK/barrier
interface

Si-substrate
I2

Sil-Kbarrier/ocSi
glue

SiI_KocS|/barr|er
Si,O
Si-substrate

Figure 4-2. Principal 2d scheme for the four-point bend adhesion test.

The constant load P at which the adhesion failure occurs is used to
calculate the adhesion energy for the failed interface. Adhesion energy G
(J/m?) is calculated with following equation 4-1 [7]:

oo2ri-v)-p.r
16-E-b° - i’

Equation 4-1

where Vv is the Poisson's ratio;

P is the load (N);

[ 1s the horizontal distance between the top bars on the top and the lower
bars (m);

E is the elastic modulus of the Si substrate (N/m?);

b is the sample width (m);

h is half the height of the sample (m).
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30- 3

Z 20

load,

0.0 ' 0.1 ' 0.2
displacement, mm

Figure 4-3. The load versus displacement for as deposited stack of
glue/aSi/Tay 0N, 1/SiLK/SiO; films on Si substrate.

4.2.3.3 XPS analysis

For the reactivity test, compositional analysis of the films was done with
profiling XPS (X-Ray Photoelectron Spectroscopy) with a 4 kV Ar' ion
beam with an area 4x4 mm’. Samples before and after heating were
analysed.

For the four-point bend adhesion tests, surface scan XPS was applied after
the adhesion test to determine the failed interface or where a fracture took
place. The information depth of surface scan XPS is about 6 nm. Standard
sensitivity factors were used to calculate concentrations.

4.3 Results and discussion

4.3.1 Four-point probe sheet resistance measurements

The sheet resistance measurements were performed for 20 or 25 nm films
of Ta, Tay94No.06, Ta992No.0s, TagoNo.1, TaggaNo.16, Tag.9551005 and TageCo
at elevated temperatures. It should be noted that the big difference in the
thermal expansion coefficient of the barrier and the SiLK (6.510° K™ (Ta)
and 6610° K, respectively) and a difference in hardness sometimes
caused some instabilities in the temperature- biased measurements. XPS-
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depth profiles were made for as deposited samples and samples after sheet
resistance measurements up to 400 °C.

e The aSi/Ta/SiLK/Si0, and the aSi/Ta/pSiLK/Si10, stack

The resistivity of the as deposited Ta films on SiLK and pSiLK was in the
range of 30-100 uQcm. The resistivity for o-Ta phase and for 3-Ta phase
has been reported to be 25 uQcm and 196 u€Qcm, respectively [8]. Thus,
as deposited layers consisted mainly of the low resistivity o-Ta phase.

Figure 4-4 shows a plot of the normalized resistance of the Ta/SiLK
combination versus temperature with a step at constant temperature of
400 °C for 120 min and 5 min (see curve 1 and 2, respectively). The slope
of the normalised resistance-temperature dependence represents the TCR
(Temperature Coefficient of Resistance). For curve 1 at heating below
160 °C the normalised resistance increases linear with temperature. At
about 160 °C normalised resistance begins to deviate from the linear
dependence (see curve 1, part a in Figure 4-4). During heating and at the
constant temperature step of 400 °C the resistance increases (see curve 1,
part a and b in Figure 4-4). This increase is mainly due to diffusion of
oxygen into Ta-film as determined from XPS depth profile.

—0—120 min
2.8+ 1 C —o—5min

norm R

0.8 : —cl

0 100 200 300 400
T,°C
Figure 4-4. Normalised resistance of the oSi/Ta(20 nm)/SiLK/SiO,/Si stack
versus temperature: 1. the first heat treatment for 120 min, 2. the second heat
treatment for 5 minutes. Arrows indicate: a) heating up; b) 120 min step at
constant temperature, c) cooling down.
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Figure 4-5 shows the XPS concentration depth profile for an as deposited
sample with the aiSi(3nm)/Ta/SiLK combination. The top of the protective
film of amorphous Si on the stack was oxidized. At the interface with the
underlying Ta film no oxygen signal was measured. At the lower interface
of Ta/SiLK some oxygen was present (see filled circles in Figure 4-5).
XPS detected no bond formation for stoichiometric tantalum oxide
compounds, for example a Ta,Os or Ta,O; insulating layer. The oxygen
was incorporated in the Ta film possibly with the formation of the B-Ta
phase. The solubility of oxygen in 3-Ta is up to 19 at% [8]. Also tantalum
carbide was present at the Ta/SiLK interface (see filled squares in Figure
4-5). Obviously it was formed during the sputter deposition process of the
Ta film.

aSi  Tafilm interface  SiLK

I | |
100 <.

| /<]<]/ <1<]4<]\<] /DD,DDD
X 804 7 \ o
© _Q/ i o |-o-Cls
§ 60 \ o/ TR ch
= 4\ O carbide
£ L] <D/ —o—0fs
o) % —0—Si2p
2 ‘0\ A —<— Ta 4f
3 =

0 2 4 6 8 10 12 14
sputter time, min

Figure 4-5. XPS depth sputter profile for the as deposited oSi/Ta/SiLK stack.

Figure 4-6 shows the XPS concentration depth profile for the sample with
oSi(3nm)/Ta/SiLK  combination after heat treatment at 400 °C for
120 minutes in vacuum. The amount of Ta-C bonds hardly changed
compared to the as deposited sample (see filled squares). Therefore no
further reaction between the barrier and hydrocarbons from SiLK occurs.
However, after heating the O-concentration at the Ta/SiLK interface
increased from 13 up to 17 at% (see filled circles). At the same time a
homogeneous O distribution at the level of 8 at% was found throughout the
film. The O concentration lowers at the aSi/Ta interface. From this profile
it is concluded that the source of oxygen is the SiLK-underlayer.
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Figure 4-6. XPS depth sputter profile for the oSi/Ta/SiLK stack annealed at
400°C for 120 minutes.

In order to check the stability of the O-containing Ta/SiLK stack heated
once for 120 min at 400 °C, this sample was heated additionally for 5 min
at 400°C. Figure 4-4 shows how the normalised resistance changes with
temperature during the first heat treatment and the second heating
treatment (see curve 1 and curve 2). The increase of resistance was by a
factor of 2.58 after the first heating and by a factor of 1.16 after the second.
This confirms that the limit of O in Ta was not reached after the 120 min
thermal treatment at 400 °C and that O-diffusion will continue.

During the cooling step the slope of the (resistance-temperature) plot
differs from the slope at the beginning of measurements (see curve 1, part ¢
and a in Figure 4-4). This change is attributed to a TCR (temperature
coefficient of resistance) change, which indicates a modification of the
tested material, 1.e. a change of composition of Ta film. The increase of
resistance at the end of the test by a factor of 2.58 is attributed to oxygen
diffusion from the SiLK into the Ta-film.

Figure 4-7 shows the normalised resistance of the Ta/pSiLK combination
versus temperature with a step at constant temperature at 400, 370 and
280 °C (see curve 1, 2 and 3, respectively). Unlike Ta/SiLK, the
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temperature dependence of resistance for the Ta/pSiLK demonstrated a
deviation from the linear behavior at lower temperature of about 100 °C.
The difference in the temperature for this deviation can be explained by the
liberation of contaminants from the pores in pSiLK, starting at a lower
temperature than from the SiLK film. At the constant temperature step at
400 °C the resistance increases (see part b in curve 1, 2 and 3 in Figure
4-7). This increase is due to oxygen diffusion into the Ta-film similar to
the case of the Ta film with the SiLK underlayer.
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Figure 4-7. Normalised resistance of the aSi/Ta/pSiLK/SiO; stack on Si versus
temperature. Arrows indicate: a) heating up; b) 120 min step at constant
temperature; c) cooling down.

Figure 4-8 and Figure 4-9 show XPS depth profiles for the as deposited
and the 400 °C heated stack of the Ta/pSiLK combination. Unlike the
Ta/SiLK stack the as-deposited barrier film on pSiLK contains oxygen at a
concentration of 3 at%. At the same time at the barrier/dielectric interface
the peaks of O and C are similar to the ones observed in the stack with the
SiLK underlayer. One explanation of the O-signal detected within the film
can be a higher roughness of the barrier film on pSiLK, which is increasing
during XPS sputtering. As a result, the O-signal can have a larger tail in the
barrier film itself. On the other hand, the oxygen can be incorporated into
the barrier film during the sputter deposition process, being released from
the pores of the pSiLK, which can contain contaminants. After the heat
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treatment at 400 °C the O-concentration in the barrier on pSiLK was equal
to the value in these films on SiLK, about 8 at % O.
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Figure 4-8. XPS depth sputter profile for the as deposited oSi/Ta/pSiLK stack.

The slope of the measured curve (TCR) during cooling differs from the
slope during heating. This indicates that changes of material properties
have occurred. Measurements at lower temperature, 370 and 280 °C,
resulted in similar effects (see curve 2, 3 in Figure 4-7) with a change of
TCR. The lower the temperature the smaller the final increase of the
resistance. The measurements up to 280 °C show an increase of normalised
resistance by a factor of only 1.05 and virtually no change in TCR. Thus,
the Ta film/pSiLK combination is stable up to at least 280 °C.

The increase of the resistance after testing is larger for the Ta- film on
SiLK layer than for the Ta- film on pSiLK for different test temperatures.
For instance, after 400 °C this increase was by a factor of 2.58 for the Ta
on SiLK and 1.48 for the Ta on pSiLK (see Figure 4-4 and Figure 4-7).
Thus, the reactivity of the Ta barrier layer with pSiLK, referred to as the
increase in normalized resistance, is lower than the reactivity with SiLK in
the range of measured temperatures. An explanation is that the as-
deposited Ta films on pSiLK already contain oxygen and, possibly, other
contaminants that makes the oxygen diffusion slower and the related
resistance increase lower.
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Figure 4-9. XPS depth sputter profile for the oSi/Ta/pSiLK stack annealed at
400°C for 120minutes.

The TCR of Ta film on SiLK and pSiLK changes after the heat treatments.
This change is attributed to oxygen diffusion in the Ta film out from the
underlying low-k dielectric.

e The OCSI/T&Qg§SlQQ5/SlLK/SlOQ stack

Figure 4-10 shows the normalised resistance of a stack with Ta;¢5Sig 5 on
SiLK during the heat treatment with maximum temperature of 400 °C. The
resistance decreases linearly with temperature up to 200 °C. The
Tay95Sip 05 shows a negative TCR unlike Ta. There is no general universal
explanation why some materials show a negative TCR [9]. But it is known
that the resistance of films with a negative TCR will not change linear with
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Figure 4-10. Normalised resistance of oSi/Tay 9555y 9s/SILK/SiO,/Si stack versus
temperature for 400 °C heat treatment for 120 min. Arrows indicate: a) heating
up; b) 120 min step at constant temperature, c) cooling down.

temperature [10]. This is also clearly observed in Figure 4-10. After the
test the TCR becomes less negative in the lower temperature range. At the
same time an increase of resistance is observed by a factor of 1.19. Again,
these changes are ascribed to oxygen diffused from the SiLK into the
barrier film.

Figure 4-11 presents O- and C concentration (circles and diamonds)
determined with XPS for the as deposited and the heat-treated at 400 °C
samples (empty and filled shapes). XPS depth profile shows no changes in
C concentration at the barrier/SiLK interface after the heat treatment. In
opposite, O peak at this interface and in the film itself increases. The
concentration of oxygen determined in the film was about 8-9% like in the
Ta films. Obviously, the Si in the Tag¢sSigs film does not restrict O-
content, which can be limited either by the maximum solubility of O in the
material or by a slower diffusion.
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The surface of the films stack was changed to “orange skin” look,
indicating worsening of adhesion.
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Figure 4-11. XPS depth sputter profile of O- and C concentration in the as

deposited oSi/Tay 955iy,05/SiLK stack and the heat treated samples at 400 °C for
120 min.

e The aSi1/TaoCy 1/S1LK/S10, stack

Figure 4-12 presents a surface image of the aSi/Tay9C,/SILK/Si10, stack
after 400 °C heating. The TayoCo; has got a vivid bulging on the SiLK.
This starts at temperatures as low as 250 °C and continues at higher
temperatures. This bulging occurs because of the large difference in
mechanical properties of tantalum carbide and SiLK. Among our tested
barriers tantalum carbide has the smallest thermal expansion coefficient
and the largest elastic modulus, i.e. 6.29 10° K' and 28.510" N/m’,
respectively. For SiLK this is 6610° K™ and 7.17:10" N/m’, respectively.
Thus, the tantalum carbide/SiLK combination is the least stable under
thermal stress conditions. During heat treatment the density of the bulging
stripes grows, leading to instability of the four-point probe sheet resistance
measurements.
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Figure 4-12. Surface image of the oSi/TaqyC;y/SiLK/SiO,/Si stack heat treated
at 400 °C for 120 minutes.

Figure 4-13 shows the normalised resistance versus temperature plot for
the Tag9C,y/SILK at different temperatures. The course is similar to the
measurements for the Ta-film on pSiLK at 400 °C (see curve 1 in Figure
4-13 and in Figure 4-7). This demonstrates the same nature of the process
during heating. Also in this case the increase of resistance at 400 °C is
owed to oxygen diffusion in the barrier film.
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Figure 4-13. Normalised resistance versus temperature for the

aSi/TagC,y/SILK/SiOy/Si stack. Arrows indicate: a) heating up step;, b) 120
min step at constant temperature, c) cooling down.



Ta-based barrier films on SiLK 63

Figure 4-14 shows XPS depth sputter profile for O- and C (in carbide)
concentration (circles and diamonds) in the aSi1/Tay9Cy /SILK for the as
deposited and the annealed stack (filled shapes). No changes are observed
in O- and C concentrations at the barrier/SiLK interface after heating. In
the film itself the oxygen concentration increase from zero up to about 9
at%. This concentration is constant throughout the film, like in the silicon-
containing barrier. Also C in the Ta¢Cy; film does not restrict O-content
in the heat treated films. An increase of normalised resistance related to
oxygen in the Ta;oCy; film is by a factor of 1.26. In addition, after the
heating TCR of the barrier changes. This confirms changes of material
properties of the film.
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Figure 4-14. XPS depth sputter profile for O- and C concentration in the
0Si/TayoCy 1/SILK stack as deposited and the heat treated stack at 400 °C for
120 min.

During heat treatment at a constant temperature of 250 °C the resistivity of
the stack decreases (see arrow b for curve 2 in Figure 4-14). This can be
due to a larger contribution of the resistance decrease by structural ordering
of barrier and/or gas release from barrier than the resistance increase by
oxygen diffusion in the barrier. The resistance after the heat treatment was
increased by a factor of 1.05. This is not significant enough to draw
conclusions about substantial O diffusion at 250 °C.

e The aS1/TayN;/SiLK/S10, and the oeS1/TayN;_/pSiILKS10, stack

The resistance of stacks with nitrogen-containing tantalum with a verified
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nitrogen content, 6, 8, 10 and 16 at%, was also measured. The thickness of
the film with 10 at% N was 25 nm. The thickness of the films with the
other nitrogen concentration was 20 nm. Unfortunately, some
measurement cycles suffered from loosing good electrical contact at
elevated temperatures due to the large difference of the thermal expansion
coefficients and mechanical instabilities in the barrier layer/low-k
dielectric combinations. This holds especially for the films on pSiLK.

Figure 4-15 shows the normalised resistance versus temperature for the
0S1/Tag 94No.06/ SILK/S10,/Si1 stack. The constant temperature step was at
400, 340, 280 and 240 °C (see curve 1, 2, 3 and 4, respectively).
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Figure 4-15. Normalised resistance versus temperature for the
aSi/Tag 94Ny,0¢/SILK/SiO,/Si stack. Arrows indicate: a) heating up step; b) 120
min step at constant temperature; c) cooling down.

Tapo4Noos shows a negative TCR as the other nitrides in this study.
Changes of resistance with temperature can be ascribed to changes in the
film and/or the change in TCR as a function of temperature (see also
section on TagosSiges, p. 60). No accurate value of the TCR can be
obtained from the measurements.
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As a result of the heat treatment at 400 °C the normalised resistance
increases by a factor of 1.19 (curve 1 in Figure 4-15). The related XPS
depth profile in Figure 4-16 (filled circles) shows an O concentration of
about 5 at% throughout the film. This is lower than in the films discussed
earlier. Unlike Si and C, N in the Ta based films restricts O-incorporation
either due to a lower limit of O-solubility or due to a slower diffusion. No
changes of the C peak at the barrier/SiLK interface is observed after the
heat treatment (empty and filled diamonds), while O peak increases (empty
and filled circles).
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Figure 4-16. XPS depth sputter profile for O- and C concentration in

theaSi/Tay04Ny.0/SILK stack as deposited and the heat treated stack at 400 °C
for 120 min.

The gradual increase of the resistance after the heat treatments treatment
(see curve 4, 3, 2 and 1 in Figure 4-15) suggests that oxygen diffusion
starts at temperatures above 280 °C.

The (resistance-temperature) dependence for the films with a nitrogen
concentration of 8 at% and 10 at% N are similar to the presented curves in
Figure 4-15. After the 400 °C heat treatment the increase of resistance was
by a factor of 1.13 and 1.04, respectively. Those films contain also about
Sat % O. So far, Ta films containing 6-10 at% N show the least resistance
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increase and the least amount of oxygen. Films with 16 at% N showed
some dissimilarity and will be discussed below.

Figure 4-17 shows the dependence of the normalised resistance on
temperature for the nitrogen rich Tayg4No16/SILK stack with a constant
temperature step at 400, 340 and 280 °C (curve 1, 2 and 3). The slope of
the line during cooling is the same as the slope during heating up to 100
°C. This means that the TCR has not changed significantly. The resistance,
however, has increased after heating by a factor of 1.4. XPS depth profile
clarifies the changes, which occurred in the Tag 4N 1¢/SiLK stack.
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Figure 4-17. Normalised resistance versus temperature for the
aSi/Ta 4Ny, 1¢/SILK/SiO,/Si stack. Arrows indicate: a) heating up step; b) 120
min step at constant temperature; c) cooling down.

Figure 4-18 shows XPS depth profile for O- and C (in carbide)
concentration for the as deposited oSi/TaggsNg16/SILK stack and the
annealed stack. There is a high C concentration (~37 at%) at the barrier/
SiLK interface and oxygen present within Tagg4Ng 16 film (~3 at%) in the
as deposited sample. No change of the C peak is observed after the heat
treatment. Also in this case the hydro-carbon bonds do not react with the
barrier. Also no change of oxygen content is observed within the barrier
film itself (circles). On the other hand, the formation of an oxygen-
enriched layer at the SiLK interface took place. Thus, this nitrogen rich
Tagg4No.16 prevents oxygen diffusion in the film. As a result, no change in
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material properties affecting TCR occurs. This is shown in the four-point
probe sheet resistance measurements. However, this barrier film has a very
poor adhesion after heat treatment. This is due the formation of the oxygen
rich layer at the barrier/SiLK interface. As a result, the Tagg4Ny 16 layers are
bulging on the organic dielectric and they fail the criterion of good
adhesion to SiLK. There were no cracks in the film, but only bulging or so-
called “orange skin” is observed. This is a typical failure for films under
compressed stress.
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Figure 4-18. XPS depth sputter profile for O- and C concentration for the

0Si/Tay 4Ny, 16/SILK stack as deposited and the heat treated stack at 400 °C for
120 min.

In order to obtain an overview of the O concentrations in the films the XPS
depth profiles were normalised for thickness. Here the film thickness is
made proportional to the sputter time, at which the maximum O-
concentration at barrier/SiLK interface is observed. Figure 4-19 shows the
O-concentration in the nitrogen containing Ta film with 6, 8 and 16 at% N.
After heat treatment the O-concentration has a constant level of 5at%
throughout the TaggsNogs film. In the case of the Tagg9Npes film the
concentration of oxygen decreases strongly towards the films surface. No
change of oxygen profile was detected in the Tayg4No 6 film (see filled
shapes). Obviously nitrogen containing tantalum films are capable to
restrict O-incorporation. The film with the highest nitrogen content, 1. e.
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Tapg4No.16, demonstrated the best properties limiting oxygen content.
However, in this case, oxygen from the SiLK underlayer was piling up at
the lower interface and the Taj g4Ng 16 layer was partly delaminated.
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Figure 4-19. Depth profile of O-concentration for the aSi/Ta;..N,/SiLK stack as

deposited and the heat treated stack at 400 °C for 120 minutes with x=0.06;
0.08 and 0.16

concentration, at%

Nitrogen containing Ta films on pSiLK showed a consistently smaller
increase of resistance compared to the same films on SiLK. This is similar
to the case of the Ta/pSiLK combination (see p. 57). The depth profiles of
O-concentration are presented in Figure 4-20 for the Tag9,Ng ¢s/pSiLK and
the Tagg4No.16/pSILK stack. It is shown that the as deposited films include
some oxygen (~3-5 at%). Like in the Ta/pSiLK combination, this can be
due to an artifact of XPS for rough surfaces or O coming out of pSiLK
during the deposition process of the barrier films. After heat treatment the
O-concentration at the barrier/pSiLK interface increases. In the films
themselves no substantial increase of oxygen concentration occurs. After
the test the films surface had an “orange skin” appearance.
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Figure 4-20. Depth profile of O-concentration for the oSi/Ta; N,/pSiLK stack
as deposited and heat treated at 400 °C for 120 minutes with x= 0.08 and 0.16

Summary for sheet resistance measurements

Figure 4-21 presents a summary of the sheet resistance of the films before
and after heat treatment at 400 °C and the concentration of oxygen in the
films. The largest change of resistance, i.e. from 35 to 90 €/sq, and oxygen
incorporation occurs in pure Ta films. The related oxygen concentration is
about 8 at%. The increase of resistance for the Tag 9551905 and TagoCo 1o
films is substantially smaller, e.g. from 85 up to 107 Q/sq for the
Tag90Co.10- In this case, the concentration of oxygen is also about 8-9 at%.
Obviously the incorporated Si or C does not restrict the oxygen
incorporation in the barrier. The Ta film with 6 at% N shows a smaller
increase of the resistance than the pure Ta film. After heat treatment the
concentration of oxygen in the film is about 5 at%. Thus the oxygen
incorporation was restricted either by a lower amount of O allowed in the
material or by a slower O diffusion. The least changes of resistance and O-
concentrations of 5 at% are observed in the Ta films with 8 and 10 at% N.
Films containing 16 at% N showed excellent blocking properties against O
diffusion, but failed adhesion requirements for diffusion barriers. Therefore
Ta-films containing up to 10 at% nitrogen are the most suitable regarding
the combination of a small resistance change at elevated temperatures,
blocking properties against oxygen diffusion and a satisfactory adhesion
with SiLK.
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Figure 4-21. Sheet resistance of the samples as deposited and heat heated at
400 °C for 120 min and the oxygen concentration in Ta-based films with XPS.
The films thickness is 20 nm, except for TagyN;y (25 nm).

For the Ta based films on pSiLK the increase of the resistance is
consistently smaller after heat treatment. This is probably due to impurities
incorporated in the barrier film or at the pSiLK interface during the
deposition of the barrier layer. These impurities can retard or block the O
incorporation in the films.

The combination of the resistance changes and the adhesion aspects has to
be considered to characterize the ability of the barrier/SiLK combination to
withstand elevated temperatures (see 4.3.3 Adhesion test), i.e. its suitability
for integration in back- end processing.

4.3.2 Resistivity calculations

From the resistance measurements and the measured oxygen concentration
in the films from XPS depth profiles it is possible to calculate the
dependence of the film resistivity on oxygen concentration in the film. For
our calculations it was assumed that diffusion occurred through the
inherent Ta,C,, and Ta,O, layers present at the barrier/SiLK interface
immediately after the barrier deposition. In our case the measured



Ta-based barrier films on SiLK 71

resistance is the resistance of several conducting layers in parallel: the

barrier/SiLK interfacial layer and the overlying barrier consisting of

number of slabs, i, with incorporated oxygen from the SiLK, Cg: . The

oxygen distribution in the barrier was extracted from the XPS depth
profiles. The Ta,C;, film at the SiLK interface is excluded from
calculations because of the unknown thickness (information depth of XPS
was about 6 nm) and composition. Moreover, the contribution of this
interfacial layer to the total resistance is probably negligible. The
concentration coefficient of resistivity for oxygen K (u€2cm/at% O) was
calculated using the depth distribution of oxygen, the sheet resistance
before heat treatment, R;,;, and after heat treatment, R, following equation
4-2:

1 th th,
R-- - pl‘;) - +Z 0 * average
" e pharrier +K Ci Oxygen Equatlon 4-2
th

! ,-
E = Z average

' pl?arrier + K * C

1 Oxygen

where 4, the thickness of barrier without incorporated oxygen;
th; the thickness of the barrier slab i with the average oxygen concentration
Caoeese at%, extracted from the XPS depth profiles;

iOxygen

P varier  the resistivity of barrier film without oxygen.

Table 4-1 shows the results of the calculations. The calculated
concentration coefficient of resistivity for oxygen in pure Ta-films is about
6.7 nQcm/at% (see Ne 1, 2 in Table 4-1). A value of 5-6 uQcm/at% is
reported in literature [11]. K calculated for the carbon- containing Ta film
is in the same range (see Ne 3 in Table 4-1). The oxygen in Ta films
containing nitrogen and silicon gives a significant smaller concentration
coefficient of about 2.65 in films with 8-10 at% nitrogen and 2.3
n€cm/at% in the films with 5at% Si (see Ne 4, 5, 6, 7 in Table 4-1). The K
values for the films on pSiLK are consistently higher (see Ne 8, 9, 10, 11 in
Table 4-1). It should be noted, however, that these calculations are based
on oxygen concentrations derived from the XPS depth profiles (Figure 4-8,
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Figure 4-9, Figure 4-20) but the oxygen detected in as deposited samples
can be too high due to an artifact of XPS depth profiling (see p. 57). This
could explain these high values.

Table 4-1. Results of resistivity calculations.

No tested combination pobam»e,, K, uQcm/
pQem
1 |Ta(20 nm)/SiLK 68.9 6.8
2 |Ta(25 nm)/SiLK 25.8 6.6
3 |TapyCo (20 nm)/SiLK 167.0 6.5
4 |Tagp.9aNo06(20 nm)/SiLK 176.8 5.6
5 |Tap9Noes(20 nm)/SiLK 176.6 2.8
6 [TagoNo. (25 nm)/SiLK 192.2 2.5
7 |TapysSiges (20 nm)/SiLK 171.0 2.3
8 |Ta(20 nm)/pSiLK 70.4 8.9
9 |Tap.92Np0s(20 nm)/pSiLK 184.0 8.8
10 |Tags4No 16(20 nm)/SiLK 260.0 30.5
11 |Tag84No.16(20 nm)/pSiLK 340.0 19.1

4.3.3 Adhesion test

All samples showed a modified surface after the four-point probe sheet
resistance measurements at elevated temperature. Figure 4-22 presents a
surface image of a Ta film on SiLK. The surface has an “orange skin”
appearance. Ta films containing nitrogen (<10 at%) showed the least
changes of the surface. Therefore, these films are expected to have a better
adhesion with SiLK film with respect to other Ta-based films.

The four-point bend test was performed on test structures with
oSi/barrier/SiLK/S10, stacks on a Si substrate. The Ta film and Ta film
containing nitrogen were used as a barrier. The structure breaks at the end
of the test.
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Figure 4-22. Surface image of the oSi/Ta(25 nm)/SiLK/SiO,/Si stack after 400
°C heating in vacuum for 120 minutes.

Figure 4-23 shows an example of two pieces of a tested sample with pure
Ta film heated at 250 °C. Each part has an open surface of the interface,
along which delamination took place. In order to locate the failure in the
tested stack, a surface scan of the film on both sides of the breakage is
performed with XPS. Figure 4-24 shows these XPS surface scans at the
place of delamination. The surface survey shows a Ta signal and a C signal
on one side of the breakage (see curve 1 in Figure 4-24). The C signal lies
at 284.8 eV, indicating the presence of C.H,, which is a common
contaminant. On the mirrored side no Ta and an increased C- signal is
measured (see curve 2 in Figure 4-24). The detected C-signal lies at 284.8
eV and there is an extra shake-up peak at 292 eV specific for aromatic
groups, i.e. in our case SiLK. Thus, the adhesion failure is located at the
Ta/SiLK interface. For this interface the adhesion energy can be calculated
with the results of the four-point bend test. In some cases, i.e. in samples
with Tag94Ng s film, the fracture area of the failed interface is not large
enough to be evaluated. After the thermal treatment the samples with Ta
films containing 8-16 at% nitrogen show delamination due to the thermal
treatment. No adhesion energy could be derived from these samples.
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Figure 4-23. Image of a sample broken at the end of four-point bend probe with
a failure along Ta/SiLK interface as determined with XPS.
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Figure 4-24. Surface scan of failed interface for the sample with a stack of
oSi/Ta/SiLK/SiO,on Si-substrate heated at 250 °C for 15 min in N, ambient: 1.
Ta surface; 2. SiLK surface.

Figure 4-25 presents the adhesion energy calculated from the results of the
test for structures with Ta based films (dotted stripes, grey stripes and
black stripes in Figure 4-25). The standard deviation is shown as bars. The
failed interface, determined with Surface Scan XPS, is noted next to the
stripes. In the failed interface of the as deposited stack with the pure Ta
film XPS detected signals from Si, Ta and C (dotted stripe in Figure 4-25).
The C signal lies at 287.6 eV and belongs to Cc—o in glue. In our samples
the oSi layer on the Ta film was 2-3 nm thick. As the information depth of
XPS is 6 nm, this means that the failure of adhesion occurred either at the
Ta/glue or at the oeS1/Ta interface. The adhesion energy for this interface is
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calculated to be 29 J/m’. This value, being the least in the stack of
glue/oS1/Ta/SILK/Si0,/ films on Si substrate, indicates that adhesion
energy of the Ta/SiLK and other interfaces is larger. Moreover, this value
is relatively high. In similar samples heated at 250 °C and 400 °C the
adhesion energy between Ta and SiLK is 19.1 J/m® and 10.4 J/m’
respectively (grey and black stripes in Figure 4-25). Thus the adhesion
deteriorates after a heat treatment. In practice, the critical energy for an
adhesion failure between inorganic materials during CMP (Chemical
Mechanical Polishing) is about 5 J/m® [13]. This means, that the value of
10.4 J/m® is still sufficient to satisfy requirements of CMP (Chemical
Mechanical Polishing). The adhesion energy of the interface of SiLK/Ta
films containing nitrogen is > 10.5 J/m®. After a heat treatment, however,
the adhesion deteriorates, resulting in films partly delaminated from the
SiLK. This is probably due to the good barrier properties regarding oxygen
diffusion. This results in the formation of an oxygen- enriched layer at the
barrier/SiLK interface and a weakening of this interface. This oxygen
enrichment and the high intrinsic stress level in the barrier film (2+3 GPa)
are responsible for the delamination.

Ta84N16 >+< Tag4N16/g|ue
no

TagoN+o +Ta90N10/glue E 42123°g
Tag;Ns

1 TagNg/SILK

.. Ta/SiLK
Ta . TalSiLK
‘ + Tal glue
T T T T T T T T T T
0 20 40 60 80

adhesion energy, Jim?

Figure 4-25. Adhesion energy for samples with Ta-based films before and after
15 min heating treatment at 250 °C and 400 °C in N, ambient.
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4.4 Summary and conclusions

After the deposition of the Ta-based barriers on SiLK Ta-C bonds and
oxygen present at the barrier/SiLK interface.

During a heat treatment the resistance and the TCR of the barrier film
changes. The increase in the resistance of the Ta-based film is mainly
caused by the incorporation of oxygen. The SiLK layer serves as the
source of oxygen. No further reaction with hydrocarbons from the SiLK
has been observed.

The concentration coefficient of the resistivity of Ta is about
6.7 uQcm/at% O. For Ta films containing 8-10 at% N this is about
2.6 p2cm/at% O. The maximum amount of oxygen from SiLK in Ta after
heat treatment at 400 °C is estimated to be 10 at %.

Nitrogen in the barrier limits the incorporation of oxygen. During heating
the oxygen is piling up at the barrier/SiLK interface. As a result the
adhesion energy decreases and occasionally delamination occurs. The
better the barrier against oxygen diffusion, the worse the adhesion at the
barrier/SiLK interface.

Four-point bend measurements were performed to determine the adhesion
energy of barrier/SiLK interfaces. The adhesion energy for the Ta/SiLK is
larger that 29 J/m” in the as deposited sample. After heating at 400 °C the
adhesion energy decreases down to 10.4 J/m”. For as deposited nitrogen
containing films (8-16 at% N) similar values have been found.

Ta films containing 8-10 at% N show better performance than pure Ta
films being based on the resistance measurements, which show better
thermal stability on SiLK, and on the suitable adhesion from the four-point
bend tests.
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Chemical Vapour Deposition of W,SiyN1.x., films

5.1 Introduction

Surface morphology, microstructure and composition are important
factors determining the properties of the diffusion barriers. For the
deposition of ultra thin layers with conformal step coverage in high

aspect ratio features, CVD processes (ALD) are more favorable compared
to PVD.

Amorphous films are superior to crystalline regarding Cu diffusion, as
enhanced Cu diffusion occurs along the grain boundaries in crystalline
barriers.

Tungsten nitrides are promising materials as diffusion barriers due to
their non-reactivity with Cu. Tungsten nitrides, however, decompose at
820-850 °C [1, 2] and some phases crystallize at 450 °C [2]. Incorporation
of Si in tungsten nitrides results in the formation of W-Si-N ternary

compounds with a better thermal stability. Reactivity studies of these
ternaries showed that Si in the compound can interact with Cu. A N-rich
W-Si-N compound with a ratio of W/Si = 1/1.5 was reported as an
excellent diffusion barrier [3]. One of the aims of this study is to find the

conditions for the growth of tungsten nitride compounds with a low Si
content to reduce the reactivity of barriers with Cu.

In this study we used WF¢ as a source for W. WFq is a liquid at room
temperature. It is easier to use as a precursor than the solid WClg, for
example. The melting temperature of WFq is 275.4 K and its boiling
temperature is 290 K, while the melting- and boiling temperature for
WClg 1s 548 K and 619.9 K respectively [4]. Monosilane SiH, was used
as a Si-source, although the use of disilane is preferable from a
thermodynamic point of view [5]. For the incorporation of nitrogen in the
ternary compounds NH; and NF; gas components can be used. Nakajiama
[6] reported about adduct formation as a product of reaction between WFg
and NH;. In a mixture of WF¢ and NH; no reactions occur, at
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temperatures up to 600°C, but in the low temperature parts of the reactor
it produces an adduct WF¢4NH;. To facilitate the reaction between WFq
and NHj the activation energy for the reaction should be decreased by
breaking the W-F bond of WF4 or the N-H bond of NH;. This may be
reached by adding H, gas to the binary mixtures [6, 7, 8, 9]. In this study
we used NF; as the precursor for the incorporation of N.

Electrical tests are most sensitive for barrier characterisation compared to
analytical techniques like AES, XPS and RBS. The reactivity of the
barrier to Cu was determined using in situ sheet resistance measurements.
Because of the presence of Si in W-Si-N, diffusion of Si in Cu could take
place. The resistivity of Cu increases from 1.67 to 4.67 u€2cm [10] when
only 1 at% of Si is dissolved in Cu. Resistivity changes due to diffusion
of Si into the Cu interconnect lead to higher RC delays in devices. C-V

and TVS measurements were used to test the diffusion properties of the

barriers.

5.2 Process study

5.2.1 Deposition equipment

The growth of W,SiyN,,, was studied in a cold wall single wafer
LPCVD reactor. Schematic of the reactor is shown in Figure 5-1. SiH,4
and WFy gases are introduced into the reactor chamber radially via 20 cm
diameter injection ring. A system of holes in this ring is configured for
more uniform distribution of gases. Ar and NF; are injected directly. The
system is operated with a roots blower pump with an N, purge. The end
pressure of the system is 210 mbar and limited by the pump’s pressure.

WF¢ served as a W-precursor, SiH, as a Si-precursor and NF; as a N-
precursor. Ar is used as a carrier gas. The WF¢ line was heated at 65°C.
The process pressure was 0.2 Torr.
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Figure 5-1. Schematic of the LPCVD reactor for W-Si-N layers deposition.

5.2.2 Experimental procedure
5.2.2.1 Film growth

Wafers of n type Si (100) with 3 inch diameter were used. The deposition
was carried out on 700 nm thermal oxide grown using water vapor as the
oxidizing species (see Chapter 2). The annealing of the interface states
was performed at 450 °C in N,/H,O atmosphere for one hour. Then,
wafers were cleaned in fuming nitric acid and in boiling 69 % HNO;,
then rinsed in DI water. After a final dip into a 1 % HF solution for 20
sec, wafers were rinsed in DI water and spin- dried. The prepared wafer
was transferred into the deposition equipment. The variable parameters
for the process study were flow rate of the gas components SiH,, WFg,
NF; and Ar. The total gas flow was kept at 260 or 1570 sccm. The
susceptor temperatures used, were 250 and 385 °C. A nucleation step was
applied to deposit Si-nuclei before barrier deposition. SiH, was used for
this purpose for 10 min at 1 Torr.

5.2.2.2 Film properties

AES (Auger Electron Spectroscopy) was applied to determine the film
composition. Depth profiling was done with an Ar" ion beam of 1.5 kV.
RBS and XPS profile analysis were applied for a comparative study of
film composition. XPS depth profiles were obtained with a 5 kV Ar" ion
beam with an area of 3 x 3 mm®. Standard sensitivity factors were used to
calculate concentrations. RBS was done with 2 MeV He " ions on an area
of 1 mm’. RMS-roughness was measured with AFM. Thickness was
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measured with an SEM and a Dektak profilometer. The resistivity of
films was calculated based on sheet resistance (measured with four-point
probe method) and the measured thickness. The density of the layers was
calculated as weight increase divided by measured thickness and wafer
area.

5.2.3 Results and discussion

5.2.3.1 Composition and morphology

A study of W(N,Si;,, deposition showed the existence of ternary
compounds with different concentration of each element. N-rich
compounds were reported as effective diffusion barriers [5] with diffusion
properties tested on n'/p diodes.

CVD of films was carried out with a gas mixture of WFg, NF;, SiH, and
Ar. The Ar flow was balanced to keep the total flow constant. In order to
study the influence of reactive gasses on the composition, we changed the
flow of one of the gasses. Under this condition the partial pressure of the
gas was changed. The ratio between reactive gasses in the gas mixture
was also altered. Results of our thermodynamical calculations (see
Chapter 3) were used as an input to define the deposition conditions and
the compound formation versus ratio of reactive gasses.

Deposition at 385 °C
The influence of the fraction of SiH,

The fraction of SiH, was varied between 0.60 and 0.78 at a flow ratio of
NF3/WF¢ of 1. Composition and density of the films are shown in Table
5-1, Nel- 5. When the ratios of SiHy/WF, and SiH4/NF; were equal to 3
the layers contained W, N, O, but no Si (see Ne 1 in Table 5-1). These
layers were porous with a low density, 3.8 g/cm’. Figure 5-2 shows a
SEM picture of the film deposited at a SiH4/WF ratio of 3. These films
containing ~13 at% O had an open porous structure and a poor adhesion
to S10,.
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Figure 5-2. SEM image for a film deposited at WF4:NF3:SiH,=10:10:30 at
385°C deposition time 3min. with a composition Wy 55Ny 3,003 a) surface; b)
cross- section.

Table 5-1. Composition of films measured with AES. The deposition is carried
out at 385°C and 0.2 Torr for 6 ¥ min.

) compound )
) density, ) fraction of
Ne | SiH4/ WFs | NFs/ WFg ; W-Si-N-O*, |
g/cm SiHy4
at%
1 3 1 3.8£5% 55-0-32-13 0.60
2 4 1 9.24+8% 52-7-41-0 0.67
3 5 1 10.0£16% |  53-5-42-0 0.71
4 6 1 7.0 57-35-8-0 0.75
5 7 1 8.9 55-36-9-0 0.78
6 6 2 53-32-6-9 0.67

"AES analysis gives a mismatch with real compositions due to uncertain sensitivity
factors and preferential sputtering of N.

** The fraction of SiH, in the reactive gas mixture was calculated as the flow of SiH,
divided by the sum of flows of reactive gases.

Our thermodynamical calculations show the onset of Si incorporation (as
W;Si3) is postponed by the use of NF;. Without NF; in the gas phase Si
inclusion starts if the SiH,/WF; ratio is 1.5 (see Chapter 3, figure 3-1).
This is in agreement with results of W deposition from WF4 and SiH,4
where the onset of a considerable Si incorporation is reported to start
when the SiH4,/WFq ratio is 1.5 [11]. The use of NF; (NF;/WFq = 1)
moves the Si incorporation to the ratio of SiH4/WF¢ equal to 3. It means
that any Si formed locally will be etched by NF;, probably with inclusion
of fluorine products in the growing layer. Due to a high reactivity of
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fluorine with moisture from the air the reaction with liberation of HF can
occur with a substitution of fluorine by —OH groups. This could explain
why the layers, deposited at a ratio of SiH,/WFg equal to 3, had a high
concentration of oxygen (13 at.%) and no Si.

When the SiH4/WF¢ and SiH4/NF; ratio was increased to 4-5, a small
amount of Si was incorporated. The composition of these films was
Wo.52S10,07No .41 (see Ne 2, 3 in Table 5-1) as determined by AES. This can
be written as W, 3NSig,. These films have a substantially higher density,
9.2-10 g/em’. A SEM image of such a layer is shown in Figure 5-3. These

films passed the conventional “scratch and scotch-tape” adhesion test on
Si0;.

Figure 5-3. SEM image for a film deposited with a flow ratio of
WFs:NF;:SiH,~10:10:50 at 385°C. Deposition time 61/2 min. Composition
W.53800.0sNp.42: @) surface; b) cross-section.

When the ratio of SiH4,/WFj is increased up to 6-7, the layers are tungsten
silicide with a small amount of N, Ws;Si35Ng (see Ne 4, 5 in Table 5-1).
The composition can be written as W, ¢SiN,. These films had a good
adhesion to SiO,. Figure 5-4 shows the SEM image of the film deposited
with a SiH4/WFg ratio of 7. It is a polycrystalline film with grains of 50-
70 nm in diameter.



Chemical Vapour Deposition of W\ Si,N,..., films 85

Figure 5-4. SEM image for the film grown at WFsNF3:SiH,=10:10:60 at
385°C. Deposition time 61/2 min. Composition W s5:Siy35Nggs: a) surface; b)
cross- section.

We found that at conditions studied two kinds of ternaries W,SiyN ..
could be grown, N-rich and N-poor. The composition of these compounds
was W;3NSig, and W, ¢SiNg,, respectively. The growth of compounds
with a low silicon and a large N content is possible only within a narrow
range of SiH4/WFj ratios, 4-5. The compound obtained at a flow ratio of
SiH4/WF¢ of 3 was tungsten nitride. The films grown at a flow ratio of 6
and 7 were tungsten silicides with a low N concentration. Thus, a small
increase of the SiH,/WF¢ ratio results in a large change of the Si
incorporation. This effect is similar to the one for CVD of W-based films
using WF¢ and SiH, as precursors.

In that system the W-growth occurred without Si inclusion within a
narrow range of SiH4/WFg flow ratio of 0.55-1.3 [11]. For the flow ratio
of SiH,/WF¢ between 1.5 and 2 a sharp increase of Si content was
observed, i.e. from 7 at% of Si in films up to 35 at% as determined with
AES [11].

In our case the use of extra reducing gas NF; moves the starting
conditions for the Si incorporation (5-7 at%) towards a larger ratio of
SiH4/WF¢ than in the study of Schmitz [11], i.e. from 1.5 up to 4. An
abrupt increase of the Si inclusion (35 at%) is postponed till the ratio
SiH4/WF¢ of 6. Therefore, in our case it is possible to deposit a film with
a desirable low Si content in a very narrow range of the SiH,/WFg ratios,
1.e. 4-5, at a flow ratio of NF;/WF¢ of 1.
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At the beginning of the process the substrate surface is covered with Si-
nuclei (see 5.2.2 Experimental procedure). At the surface of the growing
film three gas components compete for adsorption sites. SiHs can be
adsorbed as SiH,, WF4 as WF, and NF; as NF,, alike NH; on W [12]. The
sticking probability of NF; is lower than that of WF4 and SiH4. As soon
as W or W-silicide is formed and the surface conditions have been
changed, the probability of adsorption for gas components is changing. If
the SiH, fraction is not high enough to reduce all WF, and NF,, some F-
products will be trapped into the growing film. As a result, the deposited
film can be porous and will be oxidized easily, as we have observed for
the SiH4,/WFg ratio of 3. With an increase of SiH,/WFg ratio up to 4-5, the
SiH, fraction becomes high enough for the reduction of both WF¢ and
NF; species. Almost all Si will be removed as SiF, or SiHF;. In this case,
films of tungsten nitride with a low Si content are deposited. The higher
fraction of SiH, (at ratio of SiH4/WF¢> 6, in our case) with a combination
of high reactivity with WF,, the less NF; fraction can be adsorbed at the
growing surface. This results in the growth of tungsten silicides with a
corresponding decrease of N-content in deposited films.

RMS roughness was measured with AFM for the layers deposited at the
SiH4/WFg ratios in the range of 4-7. Films with a thickness of about 70
nm were characterized with an RMS in the range of 2.9-5.9 nm.

The influence of the fraction of NF';

No substantial change of W, N, Si concentrations is obtained at an
increase of the NF; fraction from 0.13 up to 0.22 at a SiH,/WFg ratio of 6
(see Table 5-1, Ne 4, 6). However, a morphology modification has been
observed. Figure 5-5 shows SEM images of such a layer. There are
porous clusters on the surface of the grown film (see Figure 5-5 a). The
clusters have a poor adhesion to the underlying film, adhering to the film
in a much smaller area than the cross section of the cluster (see a tilted
(<10 °) cross section image in Figure 5-5 b). The Si/W ratio in these
clusters and in the film are the same as observed with Scanning Auger
Microscopy (SAM). All clusters have a similar size. These observations
suggest that the growth mechanism was changed from non-selective (the
film growth controlled by mass-transport) to selective (the cluster growth
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controlled by surface reactions). The clusters grew selectively on a few
active sites available for adsorption, where the growth continued. The
equal size of the clusters indicates that the selective growth occurred with
the same rate, where active sites were available at the beginning of
selective growth. The big size of the clusters (with a diameter of ~1 wm)
indicates a very high growth rate (see Figure 5-5 a).

The phenomenon of selective growth has been observed in the W-CVD
on Si wafers partly covered with SiO, [11, 13]. In this case W grows
selectively on Si. No growth occurs on SiO,, therefore the concentration
gradient within a boundary layer is negligibly small. As a result, the
growth on Si occurs under high concentrations of precursors in a regime
limited by surface reactions with an extremely high deposition rate.

Figure 5-5. SEM image for the films deposited at 385 °C at 0.2Torr and total
gas flow 260 sccm with Ar used as a diluent gas. Flow ratio NFyWFg = 2, and
SiH,/WFs= 6. Deposition time 6 '/> min. a). surface; b). tilted cross section.

Before selective growth of clusters started the deposition process passes
two stages: at first the growth of W nuclei at the cost of the Si-nucleation
film, then a reaction occurs between WFs; and SiH* preferentially
adsorbed on the W film. The ratio of SiH,/WFg is so high that a tungsten
silicide can be formed. The adsorption of NF; species on the growing film
takes place in parallel with the growth of tungsten silicide. When the W-
nuclei are covered with tungsten silicide the sticking probabilities are
changed. In this case (compared with a NF3/WFg ratio of 1) the NF;
fraction in a reactive gas mixture is so high that the surface coverage of
other species is diminished. The amount of SiH* (reducing species) on
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the surface is not enough for a reaction resulting in a W-N bond
formation and removing of F-products. As a result, the film growth is
stopped. A few reactive sites are, however, available for the
chemisorption of SiH, species and their reaction with WFg providing a
continuous (in time) growth of tungsten silicide clusters. The equally
large size of clusters and their local growth indicate that the growth
occurs at the same high rate and therefore equal high partial pressures of
reactive gases at all locations of growth. Thus, this process is limited by
surface reaction. Thus, a large fraction of NF; a preferential NF;
adsorption can block the free surface sites, either stopping growth of the
film or changing the growth mechanism, e.g. from non-selective
(continuous films) to selective (clusters). In our study, the transition
occurs at a slight increase of NFj; fraction in the reactive gas mixture from
0.13 up to 0.22. Thus, the growth process is very sensitive to the fraction
of NF;. The varying NF; fraction does not influence the N-content in
films at high flow ratios of SiH,/WF.

Thus, the increase of the NF; fraction can result in the poisoning of the
available reactive sites followed by a change of the growth mechanism
and, as a result, the morphology change of the film.

The study of the growth at these conditions (at increased NF; fraction)
was complicated due to the change in morphology (growth mechanism)
and poor reproducibility (about +£40%) of the process after the cluster
formation. The poor reproducibility can be caused by readsorption of
secondary products, such as tungsten subfluorides coming off the reactor
walls and susceptor.

Deposition at 250 °C

Experiments carried out at 250 °C resulted in film growth without N
incorporation. This was determined with AES and XPS. No bonds with N
were measured. The deposited layers represented tungsten silicides. Thus,
this temperature was too low for a formation of W-N bonds.
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5.2.3.2 Results XRD

XRD 20 spectra are presented in Figure 5-6 for films grown at a different
ratio of SiHs/WF4. A summary of the XRD measurements is presented in
Table 5-2. The spectrum for a layer deposited with a SiH4/WF ratio of 3
shows peaks at 20 = 40°, 60°, 74° (see Figure 5-6, curve 1). These peaks
could be assigned to (B-W, W;0), (W,0, WO,) and (3-WN),
respectively. Thus, this film can be a mixture of tungsten oxides and
tungsten nitride phases. The XRD spectrum for the film grown with a
ratio of SiH4/WFg ratio equal to 4+5 reveals peaks at 2 6 = 38°, 44°, 64°,
76.5° (see Figure 5-6, curve 2). Each peak can be attributed to B-W,N. No
peaks for a phase, containing Si, were observed although some Si (<7
at%) was detected by AES (see Table 5-1). The density of the grown
films was ~ 10 g/cm’, which is substantially lower than the standard
density of B-W,N, 17.8g/cm’ [4]. This large difference in density could
be due to porosity or a second amorphous phase of e.g. WN, or Si which
cannot be detected by XRD. E.g the density of WN, can be as low as 7.7
g/cm’ and a fraction of this in the amorphous phase could explain the
lower density.
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Figure 5-6. ©-20 XRD spectra for the films grown at 385 °C under 0.2 Torr
with a varying ratio of SiH/WFs and a constant ratio of NF3y/WFsequal to 1.
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There are several wide peaks in the spectra of layers grown with a ratio of
SiH,/WFg of 6-7 (see Figure 5-6, curves 3, 4). Peaks at 20 =~ 36° and 64.6°
could belong to a cubic phase of WSi,. A peak at 26 = 70° can be due to
the tetragonal phase of W;Si;. Peaks in the range of 40-44° could belong
to a cubic WSi, or tetragonal W;Si; phase. Thus, compounds grown with
a ratio of SiHs/WF¢ > 5 consist mainly of tungsten silicides. The small
amount of nitrogen (<9 at %) as determined with AES is not visible to
XRD, being included in a tungsten nitride amorphous phase in the films,
which cannot be determined with XRD.

Table 5-2. Peaks determined with XRD, composition with AES for films grown
with a varying ratio of SiH,/WFs.

SiHa/ Composition
Ne Peak by XRD )
WFg with AES
1 |3 for a hexagonal 3-WN, tungsten oxides | W1.7NOq4
2 |45 for a cubic B-WoN Wi3NSig
3 16 a very broad peak: W16SiNo.2
for tetragonal W;Si;, cubic WSi,
4 7 for tetragonal WsSi3, cubic WSi, Wi 6SiNg»

XRD results confirmed a change of the growth of phases from cubic -
W, N with a Si-concentration < 7 at% to the growth of tungsten silicide
with a concentration of N< 9 at%, when the ratio of SiHs/WF¢ increases
from 5 up to 6. A further increase up to 7 results in more prominent and
narrow peaks. This can be due to the formation of films with bigger
grains than at the ratio of 6.

5.2.3.3 Growth rate

For the growth study W,N,Si,.,., films were deposited at 385 °C at a total
pressure of 0.2 Torr. No ternary compounds were deposited at 250 °C,
therefore the film growth at this temperature was out of further interest in
this study. The deposition of W,N,Si;.,., was investigated at a different
flow ratio of SiH4/WFg (4, 5, 6) and a fixed flow ratio of NF;/WFg of 1.
The total gas flow was 260 or 1570 sccm. Figure 5-7 shows the weight
increase of the films grown as a function of time. The deposition rate is
proportional to the slope (weight increase/time) of the line. For a total gas
flow of 260 sccm, the deposition rate was 2.28 and 1.48 mg/min for a
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SiH4/WFg ratio of 4 and 5, respectively (see squares and triangles in
Figure 5-7). The grown films were N-rich compounds. When the density
of the layers is included in the calculations, the growth rate is 55 and
35nm/min, correspondingly. This is too high from the point of barrier
application, as the required thickness is less than 10 nm. Table 5-3
presents the summary of density and growth rate of the grown layers. To
decrease the growth rate, we lowered the inlet partial pressure of reactive
gases by a factor of ~7.5. For this purpose the Ar flow was increased,
providing a total gas flow equal to 1570 sccm at a total pressure of 0.2
Torr. At these conditions the growth rate was 2.48 mg/min for a
SiH4/WFg ratio of 5 (see diamonds in Figure 5-7). The density of the
layers decreased, resulting in an increase of the growth rate up to 70
nm/min. The composition of films changed: the nitrogen content became
substantially lower and the Si content considerably higher. The deposited
compound had a composition of W ¢3Si031No . This can be written as
W,SiNy ;. This change occurred due to the influence of the total gas flow
on the boundary layer [14]. A change of the composition of the layers
indicates the change at the surface of partial pressures of the reactive
gases available for a growth of films. Thus, the influence of the total gas
flow rate on the growth rate and composition shows that the growth
occurs in a mass-transport regime limited by a diffusion.

30
25 o //D
20 | E L
o ol fow 1570 P
E Si- rich
'-5 15 - compound i
g
10 \, N- rich
e compound 5% GiH, | WFg = 5
Lo ‘///‘ O SiH, / WFg = 4
5 A ) - e -
o« - npae total flow 260 sccm SiH,/WFg=6
0 ¢
0 10 12 14

time,min

Figure 5-7. (Weight increase-time) dependence for films grown at 385 °C and

0.2 Torr.
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Table 5-3. Growth rate and density of the films grown with NFy/WFs=3 at
385°C and 0.2 Torr.

Ne SiH4/ total growth |growth |density,
WEFq flow, rate rate, g/cm3
sccm mg/min _ |nm/min
1 |4 260 2.28 55+ 5 9.2+ 0.8
2 |5 260 1.72 35+ 6 10+ 1.6
3 |6 260 1.59 46+ 4 7.6+ 0.6
4 |5 1570 248 70+ 3 7.8+ 0.2

5.2.3.4 Comparison AES, RBS and XPS results

It is known that the N concentration determined with analytical profiling
techniques 1s lower than the real concentration due to preferential
sputtering of N and the sensitivity factors used for the calculations of
concentrations [15]. In order to find the real N-content in the films a
comparative study of composition with AES, RBS and XPS was carried
out. The measurements were performed on an N-rich (W;3NSiy,) and an
N-poor (W,SiN ;) compound, as determined with AES. The results of the
study are presented in Table 5-4. For the N-rich compound the N content
determined with RBS is much larger than that with AES or XPS (see Ne 1
in Table 5-4). This can be explained by preferential sputtering of N [15,
16] in the depth profiling. The amount of Si determined with RBS for the
film with a low Si content is twice smaller than the value with AES,
whereas no Si was determined with XPS (see Ne 1 in Table 5-4). The big
difference between N and Si concentrations determined with AES and
XPS is owed to the sensitivity factors used in these analyses.

Table 5-4. Composition of CVD- W,Si N, .., compound.

omposition analytical techniques
AES RBS XPS
No

2 W:SiNo W,SizsN; W,Si
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For the film with a large Si content, RBS determined a much larger
amount of Si and N than AES and XPS (see Ne 2 in Table 5-4). No W-N
bonds were found with XPS. Only a small N concentration was
determined with AES. The smaller N content determined with XPS and
AES is also due to the preferential sputtering. Also in this case, the
difference between N and Si concentrations determined with these
profiling techniques is owed to the sensitivity factors used.

Thus, the real N concentration in the studied compounds is higher than
determined with AES, whereas the real Si content is lower in the N-rich
compounds and higher in the N-poor compounds.

5.2.3.5 Film resistivity

Figure 5-8 shows the isothermal cut of the ternary phase diagram with the
resistivity of the films grown at 385 °C. The composition plotted in
Figure 5-8 is determined with AES. The real position for compounds in
the diagram will be shifted towards higher N or Si concentration due to
effects described in 5.2.3.4 as it is shown by the arrows. As it is shown in
Figure 5-8, layers of W,SiN, jhave the lowest resistivity, 550-600 uQcm,
compared to resistivities of the films grown with a high W and N-
content, 1300-3000 pu€2cm. This is in good agreement with literature [5,
8]. W13SiNj, compounds are characterised with a resistivity of 830,
890 uQcm. The compounds with resistivities of 550-880 uQecm satisfy
the requirements for barriers on resistivity. No conditions for deposition
of films rich in N and W with a suitable resistivity have been found.
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Si

Figure 5-8. Resistivity of compounds, uf2cm in the isothermal cut of the
ternary phase diagram for W-Si-N. The plotted composition has been
determined with AES. The actual composition is expected to shift along arrows
within the dashed areas due to sensitivity factors used and preferential
sputtering.

Thus the resistivity of W;,SiNy; and W;3SiNg, compounds (<1000
n€ecm) is appropriate for barrier application. The growth rate of
W13SiNp, and W,SiNg; is 46 and 70 nm/min (see Table 5-3, Ne 3, 4),
respectively. Thus, the combination of the lower growth rate and
satisfactory resistivity makes W;3SiNg, a good candidate for the Cu-
diffusion barrier, providing that the Si present will not react with Cu (see
5.3.2). In N-rich ternaries the Si/W ratio can be as high as 1.5 [3]. A low
N content and a high Si content suggest that special attention should be
paid to the reactivity of this material with Cu.

5.2.3.6 Summary

Experiments showed a strong dependence of composition on temperature
and fraction of SiH,; in the gas mixture. Additionally, there is a
dependence of the growth rate and composition on the flow of Ar-diluent
gas. The growth is limited by diffusion of precursors. Tungsten nitrides
with Si< 7 at% (W;3NSip,) and tungsten silicides with N< 9 at%
(W,6SiNg,) were grown at 385 °C. The composition of the ternaries
changes abruptly with an increase of SiH, in the gas mixture from 50 to
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60 sccm. This change results in a rise of Si by a factor of 5. The
respective decrease of N is also by a factor of 5. Such a dramatic change
makes a control of the composition in this range not feasible.

An increase of NF; flow from 10 to 20 sccm at a fixed SiH4/WF¢ ratio of
6 results in a transition of non- selective growth mechanism to selective.
There is no influence of the NF; fraction in the gas mixture on the N-
content in films at high flow ratios of SiH,/WF.

The deposition rate of the films was 35-70 nm/min. The RMS roughness
of 70 nm W-Si-N films was 2.9-5.9 nm.

The resistivities of W;3NSip, and W,;SiNy, are 1300-3500 and
550-890 u€cm, respectively.

No detectable W-N bonds were formed in compounds obtained at
250 °C.

The combination of resistivity and composition makes W ¢SiNg, a good
candidate for a Cu- diffusion barrier. However, the actual Si content can
be much higher. Based on RBS the ratio Si/W can be larger than 1.4. This

requires a study of a reaction between Cu and the Si in the compound.

5.3 Electrical characterisation

First, the reactivity of the compounds with Cu has been tested. When Si
dissolves in Cu, the resistivity increases by 3 u€cm per 1 at% of Si [10].
From this point of view a good diagnostic tool of barrier reaction is sheet
resistance measurements during temperature treatment.

Investigation of behavior of Cu/barrier/SiO,/Si system is important for
the application of the material in multilevel interconnection.

5.3.1 Experimental procedure

Cu/barrier/S10,/S1 stacks were prepared by the thermal oxidation of Si
wafers followed by the deposition of the barrier and Cu. Barriers with a
thickness of 70 nm were deposited at a ratio of NF3/WFg equal to 1 with
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different flows of SiH, to deposit compounds with different Si content.
The Cu-films were DC sputtered with a thickness of 200 nm. Samples
Cu/Si0,/S1 stack (without barrier) and with sputtered 100 nm layer of Ta
as a barrier were prepared as references. The obtained samples were used
for a four-point probe in sifu sheet resistance measurements under
vacuum. During the measurements temperature was increased up to
150 °C with 0.01 grad/s and up to 690 °C with 0.00833 grad/s. The heater
was switched off and the sample cooled down to 25 °C. The composition
of layers in the stacks was determined by RBS (Rutherford
Backscattering Spectroscopy) before and after the test.

Capacitors with Cu/barrier-contact to Si0, were fabricated on n-type Si
wafers (1-10 Qcm) with a thermal oxide grown 700 nm thick. Barrier
films (W,6SiNy, and W,SiN, ;) were deposited with a thickness of 70 or
100 nm. The Cu films 200 nm thick were deposited as it was described
earlier. A contact area was defined by photolithography. Cu contact was
formed in a 5% solution of HNO; and the barrier was etched in a
CF4+10% O, plasma. Capacitors with Cu-contact to Si0, were made as
references. Samples received a heat treatment at 400 °C, 500 °C and 550
°C for 30 min. in vacuum under 2:10” mbar. Samples as patterned and
heat treated were measured. C-V measurements were done with a HP
4140B pA meter as a DC voltage source, a HP 4275 multi-frequency
meter and the MDC CSMWin computer program at 10kHz. TVS
(Triangular Voltage Sweep) measurements were performed at 250 °C
after a stress in electrical field at +1 MV/cm.

5.3.2 Four-point probe resistance

5.3.2.1 Reference samples

Results of the four-point probe in situ sheet resistance measurements are
shown in Figure 5-9 as the normalised resistance versus temperature.

Cu/Ta/Si0OySi

The increase of the normalised resistance by a factor of 2.4 during heating
is caused by the resistivity dependence on temperature. The calculated
temperature coefficient of resistivity (TCR) for Cu was about
2.8510°K"', which is in agreement with literature, 2.99'10°K " [17] and
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in the same order of magnitude as 4.310°K"' [10]. After the annealing
cycle the resistance of the Cu/Ta stack decreased by a factor of 0.92 due
to curing of defects in the Cu and Ta. However this phenomenon was not
in the focus of this study. This decrease in resistance demonstrated that
the Cu was not doped with Si and the Ta is an appropriate reference
sample for our investigation up to 690°C.

4.0+

—o— Cu/Ta(100 nm)

3.5+

3.0
2.5+
2.0+

RIR,

1.5
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Figure 5-9. Normalised resistance versus temperature for Cu/Ta/SiO,,
Cu/SiO,/Si stacks. Metallisation contact to SiO; is shown in the legend.

Cu/SiO/Si

Resistance increases up to 350 °C with the same TCR as for Cu/ Ta
reference. Between 350 and 580 °C the slope of the plot increases. Above
580 °C the slope of resistance line changes again. These changes can
indicate a reaction of Cu with underlying film. The resistance of a cooled
down sample increased by a factor of 1.5. Additionally, the TCR of Cu
after heating has changed. The resistance increase and change of TCR
suggest that compositional changes have taken place in the Cu. The
amount of Si of 3110 at/cm” in Cu after the test is in agreement with
resistance measurements. This amount is equivalent to 0.5 at% of Si. It is
not likely, however, that SiO, is a source of Si diffusion, because Cu is
not likely to reduce SiO,. RBS results show some Ar present at the
Cu/Si0O, interface. Therefore, ion (Ar) bombardment of the SiO,-Cu



98 Chapter 5

interface during the Cu deposition process can result in the breaking of
Si-O bonds. Thus, some free Si can be available for a diffusion in Cu.

5.3.2.2 Samples with barriers

The Si/W ratio in the tested barriers is in the range of 0.8-1.4 as
determined with RBS. The N concentration is about 6- 9 at%. Figure 5-10
shows a change of normalised resistance with temperature for the samples
with Cu/Ta, as a reference, and Cu/barrier combinations deposited on
Si0,. The resistance of the reference sample increases according to the
TCR of Cu (Figure 5-10, a). The resistance of samples with a Cu/barrier
combination with a Si/W ratio of 0.8 follows the same line up to 350 °C
(Figure 5-10, b). Above 350 °C the slight deviation from the reference
line is observed. This can correspond to a start of the reaction between Cu
and a barrier, 1.e. alike to Cu/SiO, sample some free Si can be available
for a reaction at the Cu/barrier interface. Above 550 °C the resistance
increases drastically with temperature. This temperature was defined as
the temperature of the failure of non- reactivity requirements for barriers.
With the increase of Si/W ratio in the barrier up to 1.4 the temperature of
abrupt increase of resistance decreases down to 450 °C, whereas the
temperature of the slight deviation is 350 °C and the same for all kinds of
tested compounds, (e.g. Figure 5-10 c¢). Cu was not detected in the barrier
layer by RBS after a large change of resistance. On the other hand, Si was
determined in the Cu layers. Thus, atomic Cu diffuses into the barrier
much slower than Si from the barrier material. The increase in measured
resistance is ascribed only to the Si diffused from the barrier into the Cu,
because the resistance of Cu and barrier, as two resistors in parallel, is
determined by the layer with the lowest resistance (Cu).
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Figure 5-10. Typical plot of normalised resistance versus applied temperature:
a) reference;, b) Cu/barrier stack with Si/W ratio in a barrier equal to 0.8
before heating; c) Cu/barrier stack with Si/W ratio in a barrier equal to 1.4.

Figure 5-11 shows the Si/W ratio in barriers before the heating and
corresponding temperature of the non-reactivity requirements failure in
the range of 450-550 °C. The temperature of the failure for WSi; 4 is
different than for a ternary compound with the same Si/W ratio of 1.4
(dashed line in Figure 5-11). Therefore the ratio of Si/W in the barrier is
not the only factor determining the diffusion process. The morphology of
the layer and how Si is bonded to W are important parameters that
determine the process of diffusion. If the comparison of barrier stability,
in respect of Si release, is made among layers with a similar texture,
whether W,SiyN 4.y, or W,S1,,, the material with the lowest Si content
serves as the best one.
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Figure 5-11. A Si/W ratio in the barrier layer before the test versus
temperature of considerable rise of resistance.

Figure 5-12 presents the concentration of Si in Cu after heating and the
corresponding temperature of the failure. The amount of Si dissolved in
Cu is proportional to temperature, at which the reaction between a barrier
and Cu starts. A comparison of Figure 5-11 and Figure 5-12 shows that
the smaller Si/W ratio, the less Si is dissolved in Cu after heating. Thus,
the reactivity of compounds with Si becomes less with decreasing Si/W
ratio. The largest increase of resistance by a factor of 9.1 is related to
~10.4 at% of Si dissolved in Cu. This value approaches the solubility
limit of Si in the Cu, which is 11.7 at% [18]. Thus, no copper silicide has
been formed and a concentration coefficient of resistivity for Si can be
calculated.
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Figure 5-12. Si concentration in the Cu layer after the test versus temperature
of considerable rise of resistance.

A combination of results of RBS with related resistance results is shown
in Figure 5-13. It shows the resistivity for Cu-Si alloys as a function of Si,
soluble in Cu. The resistivity of the alloys is linearly dependent on Si
concentration with a coefficient about 2 uQcm/at%. For comparison
3uQcm/at% was reported by Murarka [10] and 5 p€Qcm/at% by Schroder
[17].

The results of RBS measurements show that Cu diffusion into barrier
layers is much slower than the Si diffusion into Cu from W,Si,N_,., and
W, Si;, layers under vacuum at elevated temperature. The temperature of
the reaction between Cu and barrier is determined by the Si/W ratio in the
barrier material. The larger the Si/W ratio in a compound, the higher the
reactivity of the compound with Cu and the Si diffusion out of the barrier
starts at a lower temperature. Thus, barriers with the Si/W ratios in the
range of 0.8-1.4 (with RBS) react with Cu at temperatures above 450 °C.
This corresponds with the value of 0.6 reported by Reid [19]. A material
with Si/W ratio of 0.8 is non-reactive with Cu up to 550 °C.
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Si, at%
Figure 5-13. Resistivity of Cu-Si solutions at 25 °C. R’ is the proportion of the
variance in resistivity attributable to the variance in Si concentration.

The concentration coefficient of resistivity for Si in Cu is about 2 u2'cm
for alloys with the Si concentration up to the solubility limit (~11.7 at%).

5.3.3 C-V measurements

C-V measurements were performed on capacitors with Cu and Cu/barrier
contacts to Si0,. Films of W, ¢SiNy, and W,SiN,; with a thickness of
100, 70 nm were tested. Capacitors were measured before and after a heat
treatment at 400 and 500 °C. Figure 5-14 shows results of C-V
measurements for a Cu reference sample. C-V measurements for a sample
with the Cu contact to SiO, showed no substantial changes after 400 °C
temperature treatment, whereas after 500 °C the flatband voltage shifted
to a negative voltage. This shift is due to the diffusion of Cu" ions into
oxide [20, 21]. The shift of the flatband voltage does not give the reliable
information about concentration of mobile ions or charges in SiO,,
because the exact distribution of ions or charges is not known. Therefore
a failure of barriers could occur at T> 400 °C.

Typical C-V curves for capacitors with Cu/barrier contacts obtained in
the test are shown in Figure 5-15. All samples after 400 °C heat treatment
showed the positive shift in the flatband voltage. This shift can be due to
anneal of positive charges [22] or introduction of negative charges in
oxide. These charges could be a result of a plasma damage of oxide
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during etching of barriers or some traps formed in oxide during barrier
growth. A change of slope of C-V curve in a depletion indicates the
anneal of interface states at the oxide/Si interface. The treatment at 500°C
resulted in a smaller shift of flatband voltage than after 400 °C treatment.
The slope of the C-V curve also has changed, showing a further anneal of
the interface state in S10,/Si combination.

1.0 -
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074
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Vv,V
Figure 5-14. C-V plot for a capacitor with a Cu contact to SiO, as patterned,
annealed at 400 °C and 500 °C.

A typical shift of flatband voltage by 0.45 V after 400 °C anneal is
correlated to a little change of charges equivalent to 1.410'° cm™. Thus,
for thick 700 nm oxide even very small changes of oxide charge result in
a measurable shift in flatband voltage.

After 550 °C temperature cycle the surface morphology of
Cu/barrier/SiO, was changed due to poor adhesion of the barrier to SiO,.
Thus, the capacitors received the heat treatment at 550 °C were not
measured.

C-V measurements do not reveal a flatband voltage shift ascribed to Cu”
ions diffused into SiO, after the treatment at 400 °C. Some traps,
introduced during the plasma etching of barriers or the barrier processing,
can be annealed at 400 °C. The W,SiyN/_«y film showed good diffusion
properties at least up to 500 °C. As an alternative and complement to C-V
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measurements the TVS method was applied to measure mobile charges in
the oxide at 250 °C after a stress in an electrical field for 5 min at
+1MV/cm.
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Figure 5-15. Typical C-V plot for a capacitor with a Cu/W; ¢SiN,, contact as

patterned, annealed at 400°C and 500°C. The thickness of the barrier was 70
nm.

A large current increase correlated to up to 210" cm™ was measured with
TVS in a bias range, which could not be ascribed neither to a Cu” ions
drift nor to Na' ions, which are always present at low concentrations as
contaminations. After the 400 and 500 °C annealing the unexpected
current peak has been decreased by a factor of 10. This effect we also
observed during a study of ALD grown tungsten nitrides. A discussion on
this subject will be presented in Chapter 6, 6.5.3.2. Capacitors, B. TVS.

5.4 Summary

The CVD process of the growth of W,Si,N;., films has been studied
using WF¢, SiH, and NF;. This process is characterized with a deposition
rate of 35-70 nm/min. This is substantially higher than required for
barrier application. N incorporation into a growing film occurs at 385 °C.
No formation of W-N bond has been observed at 250 °C.

The limiting step of the growth is the diffusion of precursors to the
growing surface. A change of total flow influences the film composition.
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The process of growth of N-poor and N-rich compounds is limited to a
range of 4-5 of SiH,/WF¢ flow ratio at a fixed NF3;/WF¢ ratio of 1. The
amount of N in films changes abruptly from 40 at% down to 5 at% with
increase of SiH4/WFg ratio from 5 to 6. The increase of NF; fraction at
large flow ratio of SiH4,/WF4 changes the growth mechanism from non-
selective to selective, but has no influence on the N content in films. This
makes it impossible to tune fine the composition.

The resistivity of the N-rich compounds is 1500-3000 u€2'cm, which is
unacceptably high. A resistivity of Si-rich compound was in the range of
550-890 pu€2cm.

W, SiyN;., films were characterised with an RMS roughness of
2.9-5.9 nm for films with a thickness of 70 nm.

The reactivity of the Si-rich compounds with Cu was tested with four-
point probe in situ sheet resistance measurements up to 690 °C in
vacuum. Barriers with a Si/W ratio > 0.8 have shown a Si diffusion out of
the barriers into Cu metallisation and a large increase of Cu-resistivity.
Thus, these materials failed the criterion of low reactivity with Cu.

C-V test did not show the evidence of barrier failure. The capacitance
measurements on a thick SiO, film demonstrated a high sensitivity of the
flatband voltage to small changes of oxide charges.
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Atomic Layer Deposition of W-based films

6.1 Introduction

Diffusion barrier films are used in interconnects with Cu metallisation. The
International Technology Roadmap for Semiconductors (ITRS) requires
manufacturing of barrier layers against Cu diffusion scaled down to 5 nm
in 2010. Among other requirements, such a thin layer must possess a low
roughness and be conformal over small features with a high aspect ratio.
Advanced ionized Physical Vapour Deposition (iPVD) cannot compete
with the excellent step coverage and low roughness of films grown with
Atomic Layer Deposition (ALD). The principle of ALD is a repeating-,
sequential- and preferably saturated adsorption of reactive species at the
surface, resulting in film growth [1].

Tungsten nitride layers are promising barriers against Cu diffusion [2, 3].
Chemical Vapor Deposition (CVD) of tungsten nitrides using WF¢ and
NH; is known to suffer from an adduct WF¢s4NHj; [4]. ALD separates the
reactants using a sequential pulsing. This eliminates the formation of the
by-product. Successful deposition of tungsten nitride using ALD was
reported by Klaus [5] and Elers [6]. A repeating cycle with WF¢ and NH;
was used. The obtained layers are characterized, however, with a resistivity
of 4500 u€cm, which is unacceptably high for barrier application. In
contrast, the resistivity of ALD-tungsten carbonitride films was reported to
be 600-900 u€2cm for 7 nm films [7] and 350-400 uQcm for 25 nm films
[8]. This low resistivity makes tungsten carbonitrides also a promising
diffusion barrier. The WC N .., layers were grown with a cycling of WFs,
NHj; and TEB (triethyl borane).

We studied the deposition of W C,N ., layers with the same sequence of
the precursors. Also we tried ethene, C,Hy, as a cheap and safe carbon
precursor instead of TEB and we used SiHs as an additional reducing
agent. The process of the growth was conducted with a cycling of WFg,
NH;, SiH; and C,H, gases. However, in contrast to thermodynamic
predictions (See chapter 3) no carbon was found in the layers grown. The
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obtained films were tungsten nitrides. The layers are characterized with a
resistivity of about 480 uQcm for layers thicker than 13 nm. This
resistivity is much lower than the reported values. Detailed discussion
about pulse sequences and film growth is presented in Section 6.3.2
Results.

The physical requirements to a barrier material include mainly low
reactivity with Cu, low resistivity and good diffusion barrier properties (see
Chapter 1, 1.2). The reactivity of the barrier material with Cu is tested by
in situ four-point probe measurements during heat treatment. The diffusion
barrier properties are evaluated after annealing treatments by testing diodes
and capacitors. The results of these measurements showed that the
obtained tungsten nitride and tungsten carbonitride films have a low
reactivity with Cu and good blocking properties against both Cu and Al
diffusion.

6.2 Deposition equipment

The ALD system we used is schematically presented in Figure 6-1 and 2. It
consists of a loadlock for wafer transfer, an outer chamber and a small hot-
wall reactor inner chamber. The outer chamber with a base pressure of
10"mbar is purged with N, during the process at the same pressure as the
operating pressure of the inner chamber. The system is pumped with an
oil-free turbo-pump with a capacity of 400 I/s. This turbo-pump is backed

by a dry pump.

The wafer is placed in the loadlock on a molybdenum susceptor and after
pump-down transferred into the chamber by an automated arm and placed
on the hot chuck. The chuck goes up and forms the bottom of the hot-wall
reactor, creating an enclosed space with a volume of about 24 ml. The
upper part consists of the gas-block covered with the top heater and a
thermoscreen, which protects the outer reactor against heat dissipation, see
Figure 6-2. Gas reactants enter the hot-wall reactor via gas distribution
channels, see Figure 6-3.
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Figure 6-1.The principal scheme of the ALD-system for barrier deposition:
1. outer chamber;
2. upper part of the hot-wall reactor;
3. volume of the hot-wall reactor;
4. hot chuck with susceptor and wafer;
TP: turbo pump;
RV: rotary-vane pump,
DP: dry pump.
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During the deposition a constant flow of 80 sccm N is flowing through the
reactor at a total pressure of 0.75 Torr. The reactant gases were set to 5
sccm via mass flow controllers and are directed into the pump via a by-
pass system. Sequentially the reactive gases are switched to the reactor
chamber during typically 1-3 seconds. There they mix with the N,. When
the precursor gases are switched to the by-pass a nitrogen upstream-flow in
the precursor line blocks any leaks of the precursor valve and outdiffusion
of precursor from dead-end parts in the precursor gas line. In between each
pulse of reactive gas the N, purged the reactor for 2 seconds. The typical
exposure time to reactive gases is 1 sec at 0.75 Torr, which is equivalent to
4.710* L (Langmuir, 1L=10° Torrsec). The temperature is regulated by a
PID (Proportional-Integral-Derivative) controller via a thermocouple
inserted in the top heater. The process temperatures we investigated are
325 and 350 °C. Temperatures higher than 400 °C are unacceptable for the
back-end processing and at T<325 °C incorporation of nitrogen becomes
lower [5].

gas inlet

pump
Figure 6-3. Gas block without heaters.

6.3 Process study
6.3.1 Experimental procedure
6.3.1.1 Growth of W,N,_,

Surface preparation

Si (100) n-type 100 mm substrates (1-10 Qcm) with 700 nm of wet
thermally grown Si0, were used. Wafers were cleaned with fuming HNO;
and boiled in 69% HNO;. Each wafer was dipped in 0.3% HF for
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3 minutes and rinsed in DI before deposition. This procedure was reported
to provide a surface on which dense Si-films could grow [9]. The spin-
dried wafer was loaded into the reactor.

Nucleation step

After the process temperature was reached, a Si film was grown via the
decomposition of Si,Hg to create reactive sites for the chemisorption of
WF¢. The conditions of the nucleation were altered by varying the
exposure to Si;Hg (see Table 6-1). The decomposition was carried out at
7.5 Torr. The experiments at both temperatures are divided into two
groups: with a thick nucleation layer and a thin one. The thick film was
made at 4.510° L at both temperatures. To grow the thin layer with
approximately the same thickness at both temperatures, the Si,Hg
exposures were adapted to 8.1'10° L and 2.010° L at 350 and 325 °C,
respectively.

Table 6-1. Nucleation conditions.

T, °C Si,Hg thickness by | thickness
exposure, L | ellipsometer, | by XPS**,
nm nm
* 1 350°C | 7.5 Torr 10min 4.5¢9 8-10
* 1 325°C | 7.5 Torr 5 min 2.0e9 1.2
* 1350°C | 7.5 Torr 2 min 8.1e8 1.5
350°C | 7.5 Torr 20min 8.1¢9 12
325°C | 7.5 Torr 20min 8.1e9 5

* These nucleation conditions are used for a detailed study of the process.
** Thickness was calculated using standard sputter rates.

Film growth

After the Si-nucleation step the reactor was pumped down from 7.5 to
0.75 Torr wunder Si)H¢ atmosphere. A cycling sequence of
WF¢/NH5/C,H,/SiHs/NH; was applied to deposit W,N,, films after a
purging pulse of N,. Deposition conditions noted as e.g. 1/2/3/2/2 refer to
the reactant pulse lengths in seconds: 1 s for the WFg pulse, 2 s for NH3, 3s
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for C,H,, 2 s for SiH, and 2 s for NH; with a 2 s purge of pure N, between
each reactive gas pulse. The variable parameters were temperature, pulse
time, number of cycles. The cycle time was 14-22 s.

The deposition process was always ended with a SiH,; pulse in order to
obtain a thin layer of Si, meant to protect the barrier against oxidation
during unloading the wafer towards atmosphere. This top Si layer will be
oxidized. Thus, a very thin SiO, is always present on top of the W Ny
films, which was confirmed by XPS measurements.

6.3.1.2 Growth of W,C,N; .,

Surface preparation

The wafers were prepared in the same way as described for the growth of
W, N, with a variation of the final dip-etch. A solution of 0.3 % HF or
0.3% HF: isopropanol (65:1) was used in this case.

Nucleation step

A nucleation step with exposure to TEB was applied before the growth
sequence. The TEB exposure was equal to 0.910° and 210" L.

Film growth

The growth of W C/N,,, layers was performed at 325 °C using a
repeating pulse sequence with triethyle borane (B(C,Hs);, TEB), WF¢ and
NHj;. The temperature window for this ALD process is 300-350 °C [8].
Pulse times of TEB, WF¢ and NH; were 3 s, 3 s and 4 s, respectively. The
gas flows of WF¢ and NH; were 5 sccm. The TEB flow was 5 sccm, 6
sccm or 7 scem for the different experiments.

6.3.1.3 Compositional- and structural analysis

The composition of the deposited films was measured by XPS (X-Ray
Photoelectron  Spectroscopy) and RBS (Rutherford Backscattering
Spectroscopy). XPS profiles were obtained by sputtering with a 1 kV Ar’
ion beam with a cross section area of 3x3 mm”. Standard sensitivity factors
were used to calculate concentrations. RBS was done with 2 MeV He' ions
on an area of 1 mm®. The hydrogen content in the films was determined
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with ERD (Elastic Recoil Detection). Surface roughness was measured
with AFM (Atomic Force Microscopy). X-ray diffraction was applied to
determine the crystalline structure of the barrier films.

6.3.1.4 Sheet resistance

The sheet resistance of the barrier films grown on wafers with thermal
Si0, of 700 nm thick was measured with four-point probe method.

6.3.2 Results
6.3.2.1 Tungsten nitrides

Growth process

After a Si nucleation layer has been formed, each growth process starts
with a pulse of WF¢. Here the Si nucleation layer reacts with WFg as
3Si+2 WFs=2W + 3 SiF,.

The formed W film or nuclei modify the roughness. For instance, a thick Si
nucleation film with an RMS roughness of 0.25 nm transforms into a W
film with a roughness of 1.2 nm. The W nuclei serve as adsorption sites for
the further deposition. Therefore, in this case, the starting roughness for the
growing tungsten nitride film is about 1.2 nm.

Choice of the pulse sequence

Different sequences of the WF¢, NH;, C,H, and SiH, pulses were studied.
The compositions of layers as determined with XPS, RBS, RMS-
roughness, sheet resistance (R) and the layer thickness for different
sequences after 100 cycles are presented in Table 6-2.

A pulse sequence of WF¢/C,Hy/NH; (see Nel in Table 6-2) resulted in a
roughness of 1.2 nm. This film and roughness is related to the reaction of
WF¢ with the thick Si nucleation layer. No further growth was observed. A
plausible explanation for the stopping of the growth is deactivation or
poisoning of the W surface with C,H,4, which decomposes into CHZ* on the
W surface [10].

A pulse sequence of WF¢/NH3/C,H, produced a 5 nm film with an RMS
roughness of 2.79 nm (see Ne2 in Table 6-2). Thus, the layer is hardly
continuous. This suggests that only a few reactive sites were available for
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the reduction of WF¢. To facilitate the formation of new reactive sites an
extra SiH4 pulse was applied.

Table 6-2. Films properties for different pulse sequences after 100 cycles at
350°C.

No| Nucle- Pulse sequence | Composition Composition | RMS | thick | R,
ation by RBS by XPS nm* | ness, | Q/sq
exposure nm
to Si2H6, *®
L
1 |4.5e9 WF6/C2H4/NH3 1.20 1.4
4.5¢9 WF6/NH3/C2H4 2.79 5 2970
3 | 4.5¢9 WF¢/NH3/CoHy | Wo7No3 Wo.84No.16 4.19 |26 71
/ SiHy

4 | 4.5¢9 WF¢/NH3/CoHs | Wo60No 31 Wo.s3No.17 1.32 | 26 91
/ SiH4/ NH;

5| 8.1e8 WFé/NH}/C2H4 W0,59N0.41 Wo,g()N(),z() 0.70 23 171
/ SiH4/ NH;

6 | 4.5¢9 WFe/CoH4/SiHys | Wo71N024Si0.05 | Wo9NoosSioes | 1.76 | 28 66
/NH3

7 | 8.1e8 WF¢/NH3/SiHs/ | WosNoasSioos | Wo75sNo2Siges | 0.67 | 20 178
NH;

* For a comparison of roughness, the nucleation conditions should be taken into
account.

** Thickness was calculated using the weight of the film and a standard density of
W>5N, 17.8 g/cmj.

A sequence of WF¢/NH5/C,H,/SiH, resulted in a growth of continuous
tungsten nitride films (see Ne3 in Table 6-2). No carbon is incorporated in
the growing films, despite the C,H, pulse. The Si and F content are at the
detection limit of RBS and XPS (<0.5 at%). The film roughness of 4.2 nm
(for 26 nm film) is higher than the roughness of the Si- nucleation layer
initially (1.2 nm). This roughening is caused by a direct interaction of
SiH,., adsorbed species with WF¢ in the used pulse sequence. Using a
sequence of WF¢/NH;/C,H,/SiH,/NHj3, in which the SiH, and WF¢ pulses
are separated by ammonia, the roughness decreased down to the base value
of 1.32 nm (compare Ne3 with 4 in Table 6-2). No change of composition
was observed. Even a lower RMS roughness of 0.7 nm is obtained, when
we use a thin nucleation layer (see No5 in Table 6-2). It is well known that
the thinner the W layer, growing at the cost of Si, the lower the roughness.
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Thus, the less Si is available to be consumed, the thinner the formed W
film is and the lower its roughness. The resistivity of the layers, calculated
as thickness multiplied by sheet resistance, is ~400 u€cm (see No5 in
Table 6-2). For more accurate calculations see Section: 6.4 Film resistance
p. 126). This value is about 10 times lower than reported by Elers et al. for
their ALD tungsten nitrides grown with WF4 and NH; [6]. In those films
the amount of the residual F was 2.4 at%. Thus, the C,H; and SiH,,
introduced in our growth sequence, strip off the F during the growth. This
might explain why the resistivity of these layers is so much lower.

The films deposited with a sequence of WF¢/(NH;=0)/C,H4/SiH,/NH;
contained about 5 at% Si and had a very low N- concentration (see Ne6 in
Table 6-2). In the application as a diffusion barrier for Cu metallisation Si
can diffuse out of the layer into the Cu, causing a rise of resistance. A 0.5
at% of Si in Cu causes arise of 1 uQcm [11].

Tungsten nitride, deposited with a cycling sequence without ethene
WF¢/NH;/(C,H,=0) SiH4/NHj3;, also contains 5 at % Si (see Ne7 in Table
6-2).

The explanation for all these differences in composition lie in the reactivity
of the W surface terminated by -F with the different precursors. The W-F
bond is very reactive with both NH3, SiH, and, probably, with C,H,. When
NH; is offered as a first step after the WF4 pulse, many sites will be
covered with NH, radicals. The subsequent offering of C,H, and SiH,
pulses will, probably, not push the W-NH, bonds out of their position. The
C,H, adsorbing as CH; on this surface will further occupy sites, which are
then no longer accessible to SiH, chemisorption. So it can be understood
that the sequence WF¢/NH;/C,H,/SiH,/NHj; has the highest N content and
lowest Si content. The sequence WF¢/NH3/SiHy/NH; will have a high
amounts of N as well, but also the Si in these films will be higher. This is
because all sites available to C,H, and SiH, in the previous sequence are
now available to SiHs; only. Finally, in the sequence of
WF¢/C,H4/SiH4/NH; most of the available sites will be occupied by CH,
and SiH, and very few to NH;.



118 Chapter 6

Taking into consideration the composition of the films and the roughness,
the sequence of WF¢/NH3/C,H,/SiH4/NH; was chosen for further study
with the nucleation exposure to SiH, of 8.1'10° L and 2.0'10° L at 350 and
325 °C, respectively.

Results of growth study

A study of the growth rate was done using the results of weight
measurements and RBS data on the amount of W in the films.

The weight increase of the grown films versus number of cycles is
presented in Figure 6-4 a) and b) for 325 and 350 °C, respectively. The
films were grown with the sequence of WF¢/NH;3/C,H,/SiHy/NH; The
slope of the (weight-number of cycles) line represents the deposition rate.
In Figure 6-4 a) it is shown that the deposition rate is the same for different
nucleation conditions, (filled and empty circles). The lines, however, have
a different offset, which is related to the W formed initially during the
reaction of WF¢ with the silicon nucleation layer. The increase of the WFg
exposure to 2 s leads to a rise of 9% of the deposition rate (triangles in
Figure 6-4 a). It approaches about 1 monolayer of W,N per cycle. It is
assumed that only W atoms contribute to the weight change. The growth
rate at 350 °C is presented in Figure 6-4 b). The deposition rate reaches
about 1 monolayer per cycle even for the WF¢ exposure with the pulse of
Is. With a 3 times longer WF¢ pulse the growth rate becomes about 30%
higher, (triangles in Figure 6-4 b). The growth rate is not affected by the
nucleation conditions, (filled and empty circles). Moreover, it stays the
same for the different C,H, pulse, (empty circles and squares). Thus, the
growth rate increases slightly with higher temperature and longer WFq
exposure. A calculated deposition rate is in the region of one monolayer
per cycle. In addition to the relatively inaccurate weight measurements the
amount of W was measured with RBS.
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Figure 6-4. Weight dependence of the W N._; films versus number of cycles a)
at 325 °C; b) 350 °C. In the legend there are pulse time lengths, s, in the pulse
sequence of WF¢NH3/C,H/SiH,/NH;. The last figure in the line indicates the
exposure to Si;Hg, L, in order to form the nucleation layer.

In Table 6-3 the amount of W for a series of samples is presented. The
accuracy of the data is 5-10 % W. The data demonstrate the tendency of an
increase of the amount of W with a two times longer WF¢ pulse. It shows
an increase of the deposition rate of 7%, (see Nel, 2 in Table 6-3). At
350 °C the growth rate is 15 % higher for the same pulse time as compared
to 325 °C, (see Nel, 3 in Table 6-3). The increase of the WF¢ exposure by 3
or 4 times leads to the slight increase of 5-9 % of the growth rate, (see Ne4,
5, 6). The calculated deposition rate is close to one monolayer of W,N per
cycle at 350 °C.

Table 6-3. The amount of W measured with RBS in films obtained after 100
cycles.

w, x10"

0
No|T, °C|sequence at/om?

1 1/2/1/2/2{78
325

2 2/2/1/2/2{85
3 ] 1/2/1/2/2{93
4 1/2/3/2/2(97
—350

5 | 3/2/3/2/2(102
6 4/2/3/2/2 (106

There is often a difference between the results of the weight measurements
and RBS data. The reason is that the measured weight is the total amount
of material deposited on a whole wafer. For calculation of the growth rate
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from weight increase one should realize there is growth on the backside of
the wafer and non-uniformity of the deposited film on the front side. Thus,
weight data indicate the trend only. RBS analysis was performed on the
same area and for identical positions for each measured wafer. In this case,
the test results are not interfered by the deposition on the backside. The
influence of the non-uniformity is minimized. The actual growth rate is to
be calculated with RBS data.

In Figure 6-5 the amount of W and N is plotted versus number of cycles.
These are used for an accurate calculation of the deposition rate at 350 °C.
The slopes of the W lines are the same for the short and long WF, pulse,
resulting in a deposition rate of 110" W at/cm” per cycle, (triangles and
circles). The shift between the W lines is attributed to a difference in the W
formed initially due to different initial Si nucleation layers. The N-content
is shown as diamonds in Figure 6-5. This determines the film
stoichiometry. It will be discussed in the following Section: Composition

of films.
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Figure 6-5. The W and N amount in the W.N,. film versus number of cycles.
The film was deposited at 350 °C with a sequence of WFy/NH3/C>H/SiH,/NH;.
The lengths of reactive pulses and initial exposure to SiHs are in the legend.
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Composition of films

The composition of layers obtained after 100 cycles with a varying pulse
length was determined using XPS and RBS. Both analytical techniques
demonstrate that our films are tungsten nitrides.

The accuracy of the amount of nitrogen determined from RBS spectra is
between 10 and 30 % of the measured value. Consequently, the range of
the amount of N in the films becomes very broad. This is indicated in
Figure 6-5 with the shaded area. The inaccuracy comes from the nature of
the RBS spectrum. A part of such an RBS spectrum is shown in Figure
6-6. A schematic drawing of the measured stack is presented. The dashed
arrows demonstrate how the RBS signals are assigned to elements and
their location in the depth of the sample. It can be seen that the N signal
has the same channel number as the O and/or Si signals from the
underlying Si0,. As a result, the peak from N in the film is on the top of Si
and O signals. This coincidence of peaks makes an accurate determination
of the amount of N very difficult. The error in the calculated amount of N
can be as high as 30 %. On the other hand, an accuracy of simulated values
deteriorates also with less N amount. In this case, a ratio of the N signal to
a sum of the Si and O signal degrades and the accuracy becomes worse.
The N content in the obtained films was about 38-44 at% with RBS. The
average ratio of W to N content is 1.46% 0.13. Given the W growth rate of
1'10" at/cm’, the N growth rate is (0.7+ 0.13)'10" at/cm® per cycle. The
calculated N amount in films is indicated in Figure 6-5 with the dashed
line.
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Figure 6-6. RBS spectrum for a tungsten nitride film grown on 700 nm SiO,/Si
substrate in 150 cycles. The black solid line is the measured signal. The dashed

line is the simulation.
The hydrogen content in the films was lower than 1 % as measured with
ERD.

An example of an XPS-depth profile is presented in Figure 6-7. The
nitrogen content with XPS was taken from the plateau in the depth- profile,
where the N and W content did not change anymore. The nitrogen
concentration in this case is 15-21 at%. The depth profile of the samples
showed a Si and an O peak at the surface. This corresponds to a very thin
Si layer, which was on purposely grown on top of the ALD film and which
oxidised later. The average ratio of W to N with XPS is 4.4+ (.5. This is
substantially higher than the W to N ratio obtained from RBS data. The
reason for that is preferential sputtering of nitrogen during depth profiling.

This leads to a lower value of the N measured [12].
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Figure 6-7. XPS depth profile for a film grown with a pulse sequence of
3/2/3/2/2 (WF¢/NH3/C,H /SiH/NH;3) at 350 °C for 100 cycles.

Results of XRD analysis

The results of XRD are presented in Figure 6-8 and Table 6-4. The films
have been grown on a thick nucleation layer and covered with a 200 nm
Cu film. Cu and Si (from the substrate) show several peaks, which could
mask peaks in the region 26 > 43°. In the other part of the spectrum all
samples show a peak at 26 =40°. This one could belong to B-W or o-W
phase formed at the cost of the Si nucleation layer. The peak at 26 ~36°
may be from the hexagonal 6-WN phase. The peak at 26~38° may be from
the cubic phases B-W,N and B-W4o9No ;. The top two curves belong to
sequences with longer ethene exposure. They show broader peaks at
20~40°. Thus, larger exposure to C,H, changes the apparent morphology
of the deposited films.
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Figure 6-8. XRD 6-20 spectrum for the stacks of Cu/W, ;N films.

Table 6-4. Summary of the XRD test of barriers.

Ne WF6/ NH3/ C2H4/ S1H4/NH3 Peak by XRD
111/2/3/2/0 broad peaks for nitride and
W phase
21 1/2/3/2/1 broad peaks for nitride and
W phase
W phase, cubic W N« very
3| V2120 small and hexagonal WN
W phase, cubic WN 4 and
4 11/2/1/2/2 hexagonal WN

Films roughness

A film roughness as low as 0.43-0.76 nm was obtained for 16 nm W, sN

films using a low nucleation exposure to Si;Hg.

6.3.2.2 Tungsten carbonitrides

For a deposition W,CyN |« films a pulse sequence of WF¢/NH3/TEB with
N, purge was applied. Factors such as a surface cleaning, nucleation step

and an exposure to TEB influence the growth process. Their effects on the

film growth were studied.
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Surface cleaning and TEB pulse

Tungsten carbide nitride films were grown on wafers, which received
different etch-treatment before deposition: dipped in 0.3% HF solution or
in 0.3% HF: isopropanol (65:1) solution. The standard deviation in %
(STDV) of the sheet resistance and the sheet-resistance R of layers
deposited with a different TEB flow is shown in Figure 6-9. The STDV,
being an estimate of the film homogeneity, is lower for the films grown on
wafers exposed to the solution with isopropanol. This is the reason why
this solution was used for a growth of tungsten carbonitrides films.

o 03%HF
90+ A 0.3 % HF+ iso
1 VUSRS G 1800
80_ "‘..’.’ .. 1
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Figure 6-9. STDV of sheet resistance (in %) and sheet resistance of the grown
films with different flow of TEB. Thickness of deposited films is ~11 nm. (The
thickness was calculated based on weight increase after the process and a
density of 15.37 mg/cm’ as reported by Kim [13].) Experiments are performed
with an initial exposure to TEB of 9*10° L.

The thickness of films grown with pulses of different TEB flows of 5, 6
and 7 sccm was about 10 nm for all flows, indicating that saturation
conditions for ALD were reached. For the further study the TEB flow was
set to 7 sccm.

Nucleation step

Figure 6-10 presents the weight of films versus number of cycles for
different initial TEB exposure. When no nucleation step is applied, the
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growth process is not reproducible (filled diamonds in Figure 6-10). The
weight- growth dependence is approximated with a straight line for the
films deposited after the nucleation step. For both nucleation exposures
tried (of 910° and 210" L) these lines are parallel and the calculated
growth rate corresponds to 1.3 A/cycle. The shift of the line to the left for
the larger TEB exposure indicates the decrease of the incubation time.
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Figure 6-10. Weight change versus number of cycles for films grown at 325 °C
with a pulse sequence of TEB/WFgNH;. In the legend the nucleation exposure
to TEB is shown.

Composition of films

The composition of the films was W 45Co290Ng26 as determined with RBS.
The composition with XPS was Wy Co25No.11. These values correspond
well to the composition of similar films by Kim [13], who found
W.48Co.32No20 With RBS, and by Li [8]: W(55Co30No.1s with XPS. The F-
content in the films was at the detection limit.

Films roughness

The roughness of the 10 nm layers was 0.33 nm.

6.4 Film resistance

The sheet resistance (£2/sq) was measured with the four-point probe
method.
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6.4.1 Tungsten nitrides

Figure 6-11 shows the resistance versus the amount of W in the films
grown at 350 °C using different pulse times. The standard deviation of the
resistance 1s marked with error bars. The resistance is decreasing
proportional to the amount of W in the films. Using the amount of
tungsten, related to the weight increase and multiplied by the measured
sheet resistance, a measure for resistivity can be obtained. In Figure 6-12
the product, WR, of the amount of W atoms and the resistance (R) is
shown as a function of the number of cycles (the film thickness). The
factor for resistivity approaches a constant value for films obtained in more
than 50 cycles. Obviously, the observed decrease in resistance with the
amount of W in Figure 6-11 is mainly determined by the thickness of the
film itself.
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Figure 6-11. Resistance versus amount of W determined with RBS in films
deposited at 350 °C using a low nucleation exposure to Si;Hg.

In Figure 6-12 the average constant value is 1510 (€/sq)(at/cm®). Given
a measured sheet resistance of 164 €/sq, a fifty-fifty distribution of W,N
and WN in the film and their densities from the handbook one can
calculate a resistivity of ~480 u€2cm for our Wy 5N films.
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Figure 6-12. Resistance factor normalised with the amount of W versus number
of cycles. The amount of W was calculated from (weight of the film-amount of
W determined with RBS) dependence. The films are grown using a low
nucleation exposure to Si,Hg.

6.4.2 Tungsten carbonitrides

In Table 6-5 the measured sheet resistance and calculated resistivity of
W,CyN .« layers are presented. Sheet resistance decreases from 511 down
to 421 Q/sq with an increase of TEB exposure during the nucleation step
from 910° up to 210" L. STDV of R in % reduces from 9.1% to 2.6%,
which demonstrates the improvement of film homogeneity. The resistivity
of 463 pufrcm was obtained for films with a thickness of 11 nm in close
agreement to values reported in literature. For example, Smith reported
700-900 p€2cm for analogous layers of 7 nm [7] and Li 350-400 u€2cm
for 25 nm films [8].

Table 6-5. Sheet resistance and resistivity of W.C,N .., films.

Ne | mitial  TEB | R, Q/sq STDV of R, | thickness, resistivity,
exposure, L % nm uem
910° 511 9.1 10.8 552

2 12107 421 2.6 11 463
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Figure 6-13 shows sheet resistance versus films thickness for a varying
nucleation exposure to TEB. STDV of R is presented with error bars.

0 5 10 15 20
thickness, nm

Figure 6-13. Sheet resistance versus film thickness. In the legend the nucleation
exposure to TEB is shown.

Resistance and STDV are decreasing for thicker films. At the same time
resistivity stays the same for 11 and 18 nm W,C/N.,., layers grown after
the long nucleation step 465 u€cm. Thus, the observed decrease of the
sheet resistance is due to the film thickening mainly, as in the case of
W 5N films.

6.5 Evaluation of diffusion barrier properties

In general, electrical tests are much more sensitive then physical analyses
and they reveal barrier failure with Cu diffusion after annealing at much
lower levels than analytical techniques such as Rutherford Backscattering
Spectroscopy, XPS etc. [3], as it was discussed in Chapter 1.2.3. Results of
four-point probe in situ resistance measurements and measurements of van
der Pauw structures, performed to evaluate reactivity of the barrier material
with copper, will be discussed. We will also present I-V and C-V
measurements of diodes and C-V and C-t tests of capacitors to characterise
our diffusion barriers.

6.5.1 Experimental

For electrical characterisation of diffusion barrier properties of W, sN and
W, sCN films different test structures were manufactured (for details see
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Chapter 2.4.1 and 2.4.2). The films on SiO, have passed a conventional
“scratch and tape” test, confirming sufficient adhesion. After the W-based
barrier films were deposited, the wafers were exposed to air and transferred
into the sputtering tool for Cu or Al deposition.

Cu (100 nm)/barrier/Si0, (700 nm) stacks on Si-substrates were fabricated
for four-point probe in situ resistance measurements to study the
interaction of Cu with the barrier at elevated temperatures in vacuum.
Additionally, van der Pauw structures were made to perform sheet
resistance measurements after a heat treatment in forming gas (N,+5% H,).
These devices were made on the wafers with diodes. The thickness of Cu
layer was 200 nm for all devices.

p'/n diodes and capacitors with 200 nm of wet thermal oxide were made
on separate 100 nm (100) n-type Si substrates (for details see 2.4 Process
flow). This is done to avoid the capacitor to become contaminated during
diode test, which could occur when both devices are on the same wafer.
When a barrier on a diode fails, Cu diffuses very fast in Si; 440 um in
lowly doped Si (<10 "> cm™) and 13 um in highly doped p-wafer in 2 hours
at room temperature [14]. At failure of a barrier, which separates Cu and a
Si area in a diode, Cu can be present at the Si/SiO, interface and
measurements of neighboring capacitors can be distorted even without Cu
diffused into SiO,. Diodes with a varying area between 100x100 um® and
1600x1600 um* had a different geometry of the contacts openings and a
varying perimeter to area ratio. A p'/n junction was fabricated with BF,"
ion implantation at about 0.25 wm depth. Diodes were tested with a barrier
thickness of 7 or 10 nm, capacitors with a barrier of 10 nm thick. Cu
reference diodes were made with an ultra thin (~3 nm) adhesion layer. Cu
reference capacitors were made with a direct Cu contact to SiO,. Cu or Al
was used as a metal for electrodes. Both as prepared and annealed devices
were measured to monitor Cu-diffusion. Annealing was done at 200 and
400 °C 1n N,+5% H, ambient for 30 min.

C-V tests of diodes were done under reverse bias. [-V measurements were
performed using a HP 4256A parameter analyser and the Material
Development Corporations (MDC) CSMWin program. The leakage
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current is measured at —5 V. Leakage of the set up was 5x10™° A. C-V and
C-t tests of capacitors were done at 10 kHz with a HP 4140B pA meter as a
DC voltage source, a HP 4275 multi-frequency meter and the MDC
CSMWin computer program.

6.5.2 Reactivity of Cu and barrier material

6.5.2.1 Four-point probe sheet resistance

The measurements were done with a ramp-up and cool-down step of
0.01degree/s in vacuum at a base pressure of 410° mbar. After the
temperature reached 500 °C, it was kept constant for 15 minutes and then
cooled down to room temperature.

Barrier layers with 100 nm Cu on top were tested during in situ four-point
probe measurements upon heating. The results (resistance normalised to
resistance after heat treatment) for pure Cu on SiO, and for Cu on two
types of barrier are shown in Figure 6-14. Upon heating up to ~250 °C the
slope of the curve deviates significantly from the expected linear Thermal
Coefficient of Resistance (TCR) and the resulting net decrease in
resistance is measured after the annealing cycle. At temperatures above
250 °C no unexpected change in resistance is observed. The resistivity of
the 100 nm Cu layer on oxide (no barrier) was 2.53 and 2.06 u€2cm before
and after anneal at 500 °C, respectively. Thus, at low temperatures the
resistance of Cu decreases due to the annealing of defects. A 200 nm Cu
film on oxide was 2.1 u€2cm before anneal, showing that the thinner Cu
film had more defects. The 100 nm Cu layer deposited on barriers showed
even higher sheet resistances, but after annealing the resistivity was close
to the value of Cu on oxide. This indicates that there has been no reaction
between the barrier and the Cu. The results of the test are summarized in
Table 6-6.
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Figure 6-14. Normalised resistance versus temperature during the heat
treatment. Arrows indicate heating up and cooling down.

Table 6-6. Results of the four-point probe resistance test with 100 nm Cu layer.

Ne | barrier barrier Ruefores Rafter,
thickness, composition m€)/sq m&/sq
nm
1 |no - 253 206
2 |17 Wi sN 365 235
3 1205 WisN 335 214
4 1258 WisN 450 225
5 1263 WisN 372 220
6 |7 WisCN 270 207

Some samples were annealed up to 700 °C. This high temperature resulted
in agglomeration of Cu on the underlying W;sN barrier layer. No
intermixing of layers was observed and the resistance of the barrier could
still be measured. In the case of a sample with Cu/W; sCN combination the
resistance increased by a factor of 1.4. This can be explained by the
interaction of Cu and W;sCN. At least up to 500 °C no interaction was
observed between the barriers and Cu film.

6.5.2.2 Van der Pauw structures

Van der Pauw structures were fabricated for sheet resistance
measurements. Devices with Cu/W;sN and Cu/W,;sCN stacks were
measured before and after a heat treatment at 400 °C in forming gas
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(N2+5% H,) for 30 minutes. The Cu layer has a thickness of 200 nm and
the barrier thickness was 7 or 10 nm. A Cu-reference sample was prepared
with an adhesion layer of W, sCN with a thickness of 3 nm. Such a thin
layer does not serve as a functional diffusion barrier. For the process
details see 2.4. Process flow.

Two designs of van der Pauw structures were available to test our W-based
barriers.

P3 was used to test the Cu/barrier stacks on SiO, to monitor changes
caused by an interaction of Cu with the underlying barrier.

P2 was prepared to measure sheet resistance of the Cu/barrier stacks on Si.
In these measurements the Cu, the barrier and the active Si are resistors in
parallel. As the Cu layer has the lowest sheet resistance in this
combination, a resistance change after the heat treatment will be ascribed
to the resistance change of the Cu layer only. This can be a result of a
reaction of the barrier with Cu- or Si-diffusion into Cu. Given 1 at% Si in
Cu the Cu resistivity will increase from 1.7 p2cm up to 3.7 uQcm (see
5.3.4)[11].

The results of the sheet resistance measurements are presented in Table
6-7. The normalised resistance, R,om, 1S given as the sheet resistance after
the heat treatment divided by the resistance before.

Metallisation on SiO; (P3)

Cu reference sample showed no change of resistance after the heat
treatment, 108 uQcm before and 108 pQcm after the heat treatment,
respectively (see Ne 1 in Table 6-7). Thus no changes occurred in the Cu
film. Samples with barriers showed the decrease of sheet resistance after
the temperature treatment (see Ne 2-4 in Table 6-7). This decrease is
attributed to the annealing of defects in the Cu layer on barriers (as it was
discussed earlier in this Chapter). Thus, the W, sN and W, sCN compounds
do not interact to a large extent with Cu at 400 °C.
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Table 6-7. Normalised resistance of van der Pauw structures after the heat
treatment.

P3 P2

.. on Si0, | on Si

Ne| metallisation stack R R
1 | Cu/ adhesion layer 1.0 1.1
2 | Cu/ 10nm W, sN 0.9 09
3 Cu/ 7nm W145N 09 1.1
4 | Cu/ 10nm W;sCN 0.9 1.2

Metallisation on Si (P2)

P2 devices on the Cu reference showed a 10 % increase of the sheet
resistance after the temperature treatment (see Ne 1 in Table 6-7). The
expected increase, however, should be by a factor of 30 related to a full
transformation of 200 nm Cu film on Si into Cu;Si under this heat
treatment [14, 15]. Thus, the diffusion of Si was retarded by the adhesion
film. Samples with barriers showed an increase of resistance up to 20 %,
revealing changes in Cu (see Ne 3, 4 in Table 6-7). This could correspond
to ~0.2 at% Si dissolved in Cu. These low concentrations cannot be
measured with the used analytical techniques, i.e. AES and XPS. The
source for Si could be a thin layer Si containing W grown due to the use of
WF;¢ and the reaction with Si in a few first cycles of the deposition process
due to precursors and nucleation conditions used. Thus, the resistance
change can be ascribed to Si diffusion from barrier/S1 interface into Cu. No
changes of sheet resistance after the heat treatment were measured for the
sample with the film of W, sN with a thickness of 10 nm (see Ne 2 in Table
6-7). Thus, this film was thick enough to prevent Si diffusion into Cu.

Sheet resistance measurements on structures (P3) showed that no reaction
between Cu and W, sN and W, sCN compounds occurred at 400 °C for 30
minutes. Van der Pauw structures with 7 nm film of W; sN and 10 nm film
of W, sCN grown on Si (P2) showed an increase of resistance, probably,
due to Si-diffusion. The sample with the 10 nm film of W, sN did not show
measurable changes of resistance, demonstrating a stability of the
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Cu/barrier/Si combination. No conclusions about Cu diffusion into Si can
be done based on these measurements. To study Cu diffusion in Si C-V
and I-V measurements on diodes were performed.

6.5.3 Diffusion properties of thin films
6.5.3.1 Diodes

Capacitance-Voltage (C-V) and Current-Voltage (I-V) characteristics of
diodes with Cu/barrier, Al/barrier and Cu contacts were measured. Results
of C-V test are used to calculate the effective carrier density and built-in
voltage in the junction. Analysis of I-V characteristics gives a generation
and a diffusion current component. These values serve as an input for the
calculation of generation and minority lifetime, respectively.

A. C-V measurements

The results of the C-V measurements are presented as an Area’/C>-V
dependence in Figure 6-15. The slope of the lines is inversely proportional
to the effective doping level. The different slopes found in Figure 6-15 are
due to wafer to wafer variation of doping level. The slope does not change
significantly even after 400 °C annealing. The changes after the heat
treatment of doping and built-in voltage are insignificant. Based on these
data no conclusion about Cu diffusion can be drawn. Thus, the C-V test is
not sensitive enough for a determination of the barrier failure.
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Figure 6-15. (A>/C°-V) plot for as patterned and annealed diodes.
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B. I-V test

Cu reference

The Cu reference was measured to monitor the Cu diffusion. Figure 6-16
shows the leakage current before and after the heat treatment at 200 and
400 °C for diodes D1+D5. The leakage current increases with the diode
area and the perimeter for as patterned diodes and diodes received 200 °C
heat treatment (circles and triangles respectively).
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Figure 6-16. Leakage current versus area (a) and perimeter (b) for the Cu
reference diodes (D1+DJ).

No increase of the leakage current is observed after the 200 °C treatment.
Some devices annealed at 400 °C show an increase of the leakage current
of 3 orders of magnitude. (Beware that there is a break in the y-axis at 100
pA.) This can be attributed to the diffusion of Cu.

Figure 6-17 presents the leakage current of diodes with a varying area of
metal/Si contact (see DSI1+DL3 in Chapter 2, figure 2-8). Tests were
performed for as patterned wafers and annealed at 400 °C (squares and
stars). The current increase was random after the annealing. There is no
direct relation between this rise and the area or perimeter of the metal
contact to the Si. The increase of the reverse current is accompanied with a
change of the forward current as well.
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Figure 6-17. Leakage current versus metal/Si contact area for Cu reference
diodes (a) and its perimeter (b). Active area of all devices is equal 1600x1600

un’.

Figure 6-18 shows the forward I-J characteristics. The current, /, has two
components: a diffusion current in the neutral region, /;; and a

recombination current in the space charge region of the diode, /x:
I=1,+1, Equation 6-1

The diffusion and recombination current components, leomponens depend
exponentially on applied voltage, V-

Icomponent (V) = Icomponent (0) : [exp[%j - 1:| Equatlon 6-2

where L,mponend0) 1s a current component at zero voltage;

m=1 for the diffusion component;

m=2 for the recombination component.

The diffusion and recombination current under zero bias, 1,;(0) and Ix(0),
are obtained from lg(/-V) plots as an intercept of the line with a slope
proportional to [V/(kT)] and [V/ (2kT)], respectively, with the y-axis. For
as patterned samples the recombination process in the space charge region
is so much lower that the slope is proportional to [V/(kT)] over the
complete voltage range. Thus the diffusion current in the neutral region
dominates in the present voltage range. After the 400 °C annealing the
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current increases. The slope of /-V curves alters at a bias < 0.6 V (dashed
lines). This is due to the increase of the current in the space charge region,
which can be ascribed to Cu diffusion into Si. The increase of the diffusion
current in the neutral region is very small.
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Figure 6-18. Forward I-V characteristics of the Cu reference diodes (D3+D5
from figure 6-16) as patterned and annealed at 400 °C.

Diodes with barriers

Diodes with Cu metallisation and a W, sN and a W, sCN barrier layer of 7
or 10 nm are measured before and after the annealing treatment. Samples
with Al metallisation on the 10 nm barrier serve as a reference.

TUNGSTEN NITRIDE

Figure 6-19 shows the leakage current density for diodes with the 10 nm
barrier with different area before and after 400 °C annealing treatment. The
leakage increases with a smaller area and a higher perimeter to area ratio,
correspondingly. The same effect was observed for diodes with the 7 nm
barrier. This means that the contribution of the perimeter current
component becomes dominant in devices with a small area. After
annealing, the smaller the area of diodes, the larger the decrease of leakage
is. This reveals that a contribution of the perimeter current component to
leakage becomes smaller.
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Figure 6-19. Leakage current density of diodes with different area.

This effect can be due to the annealing of plasma damage, introduced
during the etching of barriers.

Figure 6-20 shows the leakage current density for Cu/7nm and Cu/10 nm
barrier, Al/10 nm barrier and Cu contacts after 400 °C anneal. Cu reference
diodes demonstrate a huge rise of the leakage current, while diodes with
Al/barrier and Cu/barrier contacts show very low leakage current. For each
type a number of diodes have been measured, they all show similar
behavior. Obviously, the concentration of Cu in the diodes on Cu reference
reached the level, at which Cu behaves as a trapping center. In opposite, no
Cu trapping centers are present in samples with barriers.
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Figure 6-20. Leakage current density of diodes annealed at 400 °C in forming
gas with area of 1600x1600 um’ (DL2).

In Figure 6-21 leakage currents are shown for large diodes with the area of
(1600 um)* and different contact area of barrier to Si (DL1+3, DS1+3 in
Chapter 2, figure 2-8). This picture illustrates no dependence of leakage
current on the area of the contact to the Si. No influence of the perimeter of
this contact was observed. Essential in this picture is that a huge increase is
only observed for diodes without a barrier. In all other cases the current
decreases due to anneal of plasma damage.

The conclusion can be drawn that 7 and 10 nm of W, sN withstand Cu and
Al diffusion at least up to 400 °C anneal for 30 minutes.
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Figure 6-21. Leakage current of diodes with different area of contact of W; sN
film to the Si. All diodes have the same active area of 1600x1600 um’.

TUNGSTEN CARBONITRIDE

After 400 °C anneal all diodes with one contact opening with barrier layers
and having an area <1600x1600 um® (D1+D5) showed a decrease of
leakage current. This decrease occurred due to the annealing of plasma
damage, like in diodes with W, sN films. Figure 6-22 shows the leakage
current of large diodes (1600x1600 pum?® DL1+3 and DS1+3 with the
different contact area of metallisation to Si. Before heat treatment no
difference in leakage current was observed for devices with a Cu/barrier,
an Al/barrier combination and Cu reference samples. After annealing one
large diode among eleven failed with the increase of the leakage current by
a few orders. This is not an inherent property of the barrier material, but
most probably a defect on such extremely large area diode. This failure can
indicate paths available for Cu, e.g. pinholes formed locally and random
during the films growth. Devices with the Al/barrier combination showed
no increase of leakage current.
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Figure 6-22. Leakage current of diodes with different area of contact of W; sCN
film to the Si. All diodes have the same active area of 1600x1600 ,umz.

Thus, the 10 nm W, sCN film prevents Al diffusion after the 400 °C heat
treatment. Blocking properties against Cu diffusion are good.

C. Generation lifetime and minority lifetime in the neutral region

Table 6-8 shows the calculated minority lifetime, which is related to the
diffusion current in the neutral region at zero bias, /;(0), as follows:

Idif(o) N,

2
Tp(0)=|: 4q }DP Equation 6-3

The minority lifetime does not change substantially after the heat treatment
on diodes with barriers. Cu reference diodes show a decrease of the
minority lifetime. This can indicate that Cu has diffused through the p/n

junction.
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Table 6-8. Minority lifetime.

annealing  |minority lifetime in neutral region, s

Ne

treatment Cy/ 10nm W, sN Cu reference
1 |no 600 1100
2 400°C 640 280

Based on the reverse current, the generation lifetime in the space charge
region, T,, was calculated for devices with an area of 1600x1600 um’ using
the following expression:

_A-qg-n;-W,

T
2.,

Equation 6-4

where W; is the generation layer thickness related to an applied voltage and
doping density, which is determined in C-V diodes test with an
equation 2-15 (Chapter 2).

The generation current, /,, was determined at —5 V as leakage current,
lieakage, minus diffusion current, I;; obtained with forward I-V
characteristics:

1 —1 Equation 6-5

g = I leakage
The measured currents, however, are not corrected for an area- and
perimeter contribution.

The calculated generation lifetime is presented in Table 6-9. For the Cu
reference there is a decrease of the lifetime from ~100 down to 0.2 us upon
annealing. This is explained by Cu diffusion and the formation of Cu
trapping centers, which are very effective lifetime killers [16]. For the
diodes with barriers the calculated generation lifetime increases after the
anneal. The obtained increase of the generation lifetime is owed to the
leakage value used in calculations, which was not corrected by the
perimeter component of current. The area current component and a real
generation lifetime, respectively, might remain unchanged. After annealing
the contribution of perimeter current into leakage is reduced. As a result,
the calculated generation lifetime after anneal becomes closer to the actual
one. The generation lifetime for diodes with an Al/barrier contact and a
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Cu/barrier contact is of the same magnitude and much higher than for
diodes without a barrier, 1300, 1200 us and 0.2 us, respectively (see Table
6-9, Ne 2). Thus, no Cu or Al diffusion through the barriers occurred
during the 400 °C anneal. In the case of W;sCN film values of generation
lifetime and minority lifetime are similar to values for W;sN films.
Therefore both the W, sN- and the W, sCN layers show the good blocking
properties against Cu and Al diffusion.

Table 6-9. Generation lifetime.

. generation lifetime, s
annealing
Neo Cureference |[Cu/ Al/
treatment
10nm W; s N 10nm W5 N
1 no 100 40 26
2 400 °C 0.2 1200 1300

Thus, Cu diffused into Si gives a huge reduction of generation lifetime in
the space charge region (see Table 6-9). This is less pronounced for the
minority lifetime in the neutral region (see Table 6-8), probably, because
this neutral region is further away from the Cu source.

6.5.3.2 Capacitors

A. C-V and C-t measurements

C-V and C-t measurements were done on MOS-capacitors with Cu-,
Al/barrier- and Cu/barrier-electrodes. Capacitors with a Cu electrode were
used as a reference. Figure 6-23 shows the results of the measurements for
the Cu reference before and after temperature treatment at 400 °C in
N,+5% H, ambient for 30 min. After the heat treatment the shift of
flatband voltage towards negative voltage was insignificant (-0.05 V).
Simultaneously, the change of the slope of the C-V curve in depletion
shows the annealing of states at the SiO,/Si interface. Figure 6-24 shows
results of the C-V measurements for capacitors with Al/barrier and
Cu/barrier contacts. The flatband voltage for both types of capacitors
shifted towards positive voltage. The slope of the C-V curve in depletion
has also changed, indicating the decrease of interface states.
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Figure 6-23. Normalized capacitance versus applied voltage for as patterned
capacitors and capacitors after annealing at 400 °C in forming gas with Cu
electrode to SiO,.

The calculated oxide charge is shown in Table 6-10. The oxide charge, N,
for the Cu reference changes negligibly after anneal. For samples with
Al/barrier and Cu/barrier contacts the oxide charge becomes lower after the
heat treatment. Probably, the plasma during the etching of barriers or the
deposition process of barriers creates charged traps in the oxide, which
density can be decreased at 400 °C in forming gas, alike in capacitors with
W,SiyN.,, barriers (see Chapter 5, 5.3.3). The interface state density, Dj,
presented in this table, was calculated with the Terman method [17]. The
density of interface states for capacitors with all types of electrode
decreases after 400 °C anneal, e. g. from ~4x10' down to 1x10' cm™ eV
for samples with barriers with Al or Cu metallisation (see Ne 2-5 in Table
6-10). Thus this heat treatment results in the annealing of both the interface
states and oxide charges.
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Figure 6-24. Normalized capacitance versus applied voltage for as patterned
capacitors and capacitors annealed at 400 °C in forming gas: a) with W; ;N
and b) W, sCN barrier layers.

The results of C-t tests are presented in Figure 6-25 and Figure 6-26 as
Zerbst plots for samples with the Cu-, Al/barrier- and Cu/barrier electrode
to Si0,, respectively. The slope of the Zerbst plot is inversely proportional
to the generation lifetime. Annealed devices show a longer lifetime.

Table 6-10. Oxide charge Ngs and interface state density D;, before and after
annealing in forming gas.

Ne | contact t0 | Ngs, cm™ Dy, cmZeV!

SiO, as patterned | 400 °C as patterned | 400 °C
1 Cu 1.79E+11 1.85E+11 4.0E+10 3.2E+10
2 Al/W 5N 1.97E+11 1.60E+11 3.0E+10 1.0E+10
3 Cu/W,sN 1.55E+11 1.04E+11 3.5E+10 1.0E+10
4 Cu/W,; sCN 1.92E+11 1.56E+11 3.0E+10 1.0E+10
5 Al/W,;sCN 1.78E+11 1.43E+11 3.0E+10 1.5E+10
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Figure 6-25. Zerbst plot for capacitors with Cu electrode to SiO, before and
after anneal at 400 °C in forming gas.
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Figure 6-26. Zerbst plot for capacitors with a) W;sN- and b) W,;;CN barrier
films before and after 400 °C annealing in forming gas.

No deterioration of oxide properties or interface state density, nor a
deterioration of lifetime, which would accompany the diffusion of Cu, was
observed with C-V and C-t tests. The lifetime even improved due to the
annealing at 400 °C in forming gas. C-V and C-t measurements are not
sensitive, however, to Cu ions with a low density when they are located
underneath the metallisation in the S10, within a small thickness. TVS and
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BTS measurements are more sensitive for mobile ions determination.
Results and their discussion are presented in the following sections.

B. TVS

TVS measurements are performed at 250 °C after a stress at +2 MV/cm
with a sweep of -0.1 V/s. Capacitors with an Al electrode to SiO, are now
used as a reference, because the Cu electrode loses adhesion to SiO, at
250 °C in air environment. The diffusion properties of barriers are tested in
devices with Cu/W;sCN, Cu/W;sN and Al/W,;sN electrodes. The test is
carried out on devices annealed at 400 °C for 30 or 150 min.

Figure 6-27 shows results of the measurements on capacitors with Al and
Cu/W,sCN contacts to Si0O, after the heat treatment. Both samples show a
peak around zero voltage. This peak corresponds to Na' ions with a density
of 1.810'" and 3.810"" cm™ for Al and Cu/W, sCN electrodes, respectively.
Thus no Cu or other mobile ions are present in the oxide. The films with a
10 nm thick W, sCN barrier withstand a diffusion of Cu during TVS stress
at 250 °C after bias at +2 MV/cm.

Figure 6-28 shows TVS plots for the capacitors after anneal for 30 min. in
forming gas with Cu/W, sN and Al/W, sN electrodes. Both curves have two
peaks. One peak around 0 V is attributed to Na' ions. The Na" charge has a
density of 2.010" and 4.610" cm™, for Al and Cu metallisation,
respectively (see circles and squares in Figure 6-28). As in samples with
the W1 sCN film the concentration of sodium is higher for Cu metallisation,
which indicates a difference in purity between the sputtering tools for Al
and Cu. The second peak is located between -10 V and -15 V with broad
shoulders for both Al and Cu metallisation. Because it is observed in the
case of both Al and Cu electrodes, this peak cannot be attributed to Cu”
mobile ions. The density of this charge is very high and equal to 2.2:10"
cm? and 6.510" for AI/W, sN and Cw/W, sN contacts, respectively.
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Figure 6-27. TVS plot at 250 °C after 5 min stress at +2 MV/cm. Current is
normalized to the device area. Capacitors were annealed for 30 min at 400 °C

in forming gas.
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Figure 6-28. TVS curve at 250 °C after 5 min stress at +2 MV/cm. Current is
normalized to the device area. Capacitors were annealed for 30 min at 400 °C

in forming gas.

In order to find out how this charge is affected by anneal, additional
measurements were performed on Al/W,sN electrode capacitors after

longer anneal (for 150 min) in forming gas at 400 °C.
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Figure 6-29 shows the results of the measurements after 30 min. and 150
min. anneal at 400 °C. The Na' peak increased from 2.010"" ¢cm™ to
3.510" cm™ with a longer anneal (Figure 6-29 a), b)). This increase can be
ascribed to a contamination coming from the oven during the heat
treatment or from diffusion out of the bulk of the metal into the oxide. The
maximum of the broad peak of interest corresponds to the charge density,
which is reduced with a longer anneal, i. e. from 2.210"t06.210"* cm™ for
30 min and 150 min, respectively (Figure 6-29 a), b)). Thus, at 400 °C this
charge cannot be annealed fully. A similar effect was observed on samples
with W,Si, N, barrier layer (see Chapter 5). This charge was not
observed in oxides with a W, sCN barrier film after heat treatment.

4.0x10*

3.5x10"
L 3.0x10"-
E2.5x10" ¢
<2.0x10 By
—1.5x10* £

1.0x10*
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Figure 6-29. TVS curve at 250 °C after 5 min stress at +2 MV/em for
capacitors with Al/W, sN contacts: a) after 30 min anneal at 400 °C in forming
gas, b) after 150 min anneal. Current is normalized to the device area.

Due to the large number of unannealed states near the barrier/SiO,
interface there is the large peak in TVS curve, obscuring any Cu peak [18,
19]. Therefore the TVS method cannot be applied to study diffusion of Cu”
in the capacitors in the case of W, 5N layers.

TVS method does not provide information on the sign of the charges
flowing to the traps, which were present in the oxide underneath tungsten
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nitride barrier films. In order to determine the sign of these charges and
their nature, BTS tests were applied.

C. BTS

Capacitors with Al/W,sN contact to SiO, were tested before and after the
400 °C heat treatment. The conditions of BTS were equivalent to the stress
used in the TVS test. Capacitors were stressed at 250 °C in air for 5
minutes with an electrical field of +2 and -2 MV/cm. After samples have
cooled down under the electrical field, C-V test was performed.

Figure 6-30 shows the C-V plot before and after BTS of the capacitors
annealed in a forming gas for 30 min or 150 min. No changes of C-V plot
were observed after positive BTS (see circles and plusses in Figure 6-30).
After negative BTS capacitors annealed for 30 min. show a negative shift
of flatband voltage of -1.7 V (see minuses in Figure 6-30). The negative
shift indicates that the traps become positively charged. This must be due
to the release of electrons under the stress conditions (negative bias give
negative shifts). The shape of the C-V curve in inversion is changed. This
can be due to an increase of interface states density at the Si0,/Si interface
under negative bias [19] or due to a nonuniform distribution of the created
positive charges. Capacitors annealed for 150 min. also do not show
changes of C-V plot after positive bias stress (not shown). After negative
bias capacitors show flatband voltage shift of -1 V, which is smaller than
the shift for the samples after 30 min anneal (see crosses and minuses in).
Thus the defects close to the oxide/barrier interface, serving as traps, could
not be annealed completely under these conditions.
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Figure 6-30. C-V plot for a capacitor with Al/ W, sN contact after annealing at
400 °C in forming gas before and after BTS at 250 °C. Time of the annealing is
a) 30 min; b) 150 min.

The obtained shifts of flatband voltage after BTS correspond to a lower
traps density than the density determined with TVS. This is because
changes of flatband voltage are not very sensitive to charges and traps near
the gate electrode/oxide interface. Whereas TVS technique measures
defects or traps overall in the oxide, For example, charges, located in a
200 nm oxide at a depth of 5 nm beneath the gate, influence forty times
less the flatband voltage than charges at the Si/Si0O, interface. The anneal
of these traps (decrease of the related peak with TVS) also explains why
the shift of C-V curve after BTS test is less for devices annealed longer in
forming gas. These traps or states are probably always there after oxidation
but are annealed under Al electrode and also under W;sCN film, due the
reducing action of Al and, may be, TEB. In the case of W;;s;N barrier
deposition they are not annealed completely. Further study of the anneal of
these states has not been performed.

Thus, the charge measured with TVS and BTS is correlated to traps in the
oxide underneath the W, sN. These traps, unlike the interface trap charge
and plasma damage, cannot be fully annealed at 400 °C in forming gas.
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6.6 Summary and conclusions

Tungsten nitride films have been grown in ALD mode with a repeating
pulse sequence of WF¢/NH3/C,H,4/SiH4/NH;. The process has been studied
at 325 and 350 °C. The growth rate is about 1 monolayer per cycle. The
deposited layers are tungsten nitrides with a composition of W 4N as
determined with RBS. No carbon and Si are incorporated. The F- content
in the films is at the detection limit of RBS and XPS (0.5 at %). The low F
content is due to a combination of SiH, and C,H, gases. Moreover, the use
of ethene changes the morphology of the obtained layers.

Tungsten carbide nitride films are grown with a cycling of TEB/WF¢/NH;
at 325 °C. The composition of layers with RBS is W, sCN. The growth rate
of the films is 1.3 A/cycle. Also here the amount of F is at the detection
limit of RBS and XPS.

The layers of W, sN are characterized with an RMS- roughness of 0.43 nm
at a thickness of 16 nm. A 10 nm film of W, sCN has a roughness as low as
0.33 nm.

Resistivity of W, 5N layers is ~480 u€2cm, which is 10 times lower than
reported earlier by Klaus [5] and Elers [6]. This value is at the same level
as the resistivity of our W, sCN layers being 465 uQcm [7, §8].

The combination of the low RMS roughness and low resistivity make these
films promising diffusion barriers.

Functional W;sN and W, sCN barrier layers have been demonstrated for
interconnect. The W sN layers with a thickness of 7 and 10 nm and the 10
nm W, sCN layer did not show failure of barrier properties with I-V test of
p /n diodes after the 400 °C anneal for 30 min in forming gas.

TVS measurements even after 5 min stress at 250 °C and +2 MV/cm do
not show a failure of a W, sCN barrier film with a thickness of 10 nm.
TVS test cannot be applied, however, to determine Cu diffusion in
capacitors with Wy sN layer, because of the masking effect of traps near the
barrier/oxide interface.
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Both W, sN and W, sCN layers serve as good barriers for both Cu and Al
metallisation.

p'/n diodes with Cu contacts without barrier showed an increase of the
leakage current by 3 orders and a degradation of minority carrier lifetime
after the anneal.

The sensitivity of the C-V test of diodes was insufficient to detect Cu
diffusion.

Four-point probe sheet resistance test at elevated temperature showed no
Cu- barriers interaction up to 500 °C. Test of van der Pauw structures
confirmed temperature stability of Cu/W;sN and Cu/W; sCN combinations
up to 400 °C.

C-V and C-t measurements of capacitors do not reveal Cu diffusion in the
Si0, protected with a 10 nm barrier film after the anneal treatment.
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Summary, conclusions, recommendations

7.1 Summary

In modern integrated circuits with Cu interconnects a diffusion barrier is
used between the dielectric and Cu in order to prevent diffusion of Cu
through the dielectrics. The choice of such a barrier requires a material
exploration and a study of the material reactivity with both Cu and the
dielectric used in the back-end processing. This thesis presents results of a
study focused on the growth processes of tungsten nitride silicide films by
CVD; tungsten nitride and tungsten carbidonitride films by ALD. The
suitability of these materials as a diffusion barrier has also been evaluated
by testing film properties such as resistivity, RMS-roughness, the reactivity
with Cu, blocking properties to Cu diffusion and adhesion. A combination
of Cu and the tungsten silicide nitride with a Si to W ratio >0.8 has shown
Si diffusion out of the barriers into Cu resulting in a large increase of Cu-
resistivity. Thus, these materials failed the criterion of low reactivity with
Cu, which has been tested with four-point probe in situ sheet resistance
measurements at elevated temperatures. Tungsten nitride and tungsten
carbonitride films are shown to have low reactivity with Cu. Moreover,
good blocking properties of these films against Cu and Al diffusion have
been demonstrated on capacitors and p'/n diodes.

At the same time a continuous scaling of components in IC’s demands the
integration of low-k dielectrics, e.g. SILK™ (an aromatic hydrocarbon
based polymer with a static dielectric constant ~2.65), in the back-end
process of IC’s. This requires a study of processes at the interface of the
dielectric film with Ta-based materials, which are now commonly used as
barriers. Therefore a study of the interaction of SiLK with the Ta-based
materials has been performed. Sheet resistance measurements show that
tantalum with 8-10 at% N has better thermal stability on SiLK than the
pure Ta film. The four-point bend test shows suitable adhesion.
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7.2 Conclusions

Conclusions to Chapter 3.

For the deposition of the ternary compounds of W,SiN;., in the WFs-
SiH4-NF;-Ar system the thermodynamic calculations show that the
stoichiometry of the predicted compounds (Si content) is strongly
influenced by the ratio of SiHy/WFs in the temperature range of 250-
385 °C. In order to deposit W-compounds containing a small amount of Si
a flow ratio of SiH4 to WF¢ should be kept in the narrow range between 3
and 3.6.

Thermodynamic calculations for the ALD process of the W,C/Nj.,
showed disagreement between thermodynamics and growth kinetics. In the
end the calculations based on the available data are not suitable for
qualitative analysis of the process.

Conclusions to Chapter 4.

It was shown that during a heat treatment the resistance and the TCR of the
Ta-based barrier film increases. This is mainly caused by the incorporation
of oxygen. The SiLK layer serves as the source of oxygen. The maximum
amount of oxygen from SiLK in Ta after heat treatment at 400 °C is
estimated to be 10 at%. No further reaction with hydrocarbons from the
SiLK has been observed.

Nitrogen in the barrier is shown to limit the incorporation of oxygen.
However, the better the barrier against oxygen diffusion, the worse the
adhesion at the barrier/SiLK interface.

Ta films containing 8-10 at% N show better performance than pure Ta
films being based on the resistance measurements and on the suitable
adhesion from the four-point bend tests.

Conclusions to Chapter 5.

It was shown that the CVD process of the growth of W,Si,N;.., films
using WFs, SiH, and NF; is characterized with a deposition rate of 35-
70 nm/min. This is substantially higher than required for barrier
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application. Moreover, it was presented that tuning the composition of the
films is very difficult regarding the N-content.

The resistivity of the N-rich compounds is 1500-3000 pu€2cm, which is
unacceptably high. Si-rich compound with a suitable resistivity of
550-890 uQcm have shown a Si diffusion out of the barriers into Cu
metallisation and a large increase of Cu-resistivity. Thus, these materials
failed the criterion of low reactivity with Cu. C-V test of capacitors with
Cu/barrier electrode did not show the evidence of diffusion barrier failure.

Conclusions to Chapter 6.

For the first time the ALD process for the deposition of W, sN film with a
repeating pulse sequence of WF¢/NH3/C,H,4/SiH,/NHj3; is presented.

It is shown that tungsten nitride films grow in ALD mode at 325 and
350 °C. The growth rate is about 1 monolayer per cycle. No carbon and Si
are incorporated. The low F-content in the films (at the detection limit of
RBS and XPS) is due to a combination of SiH4 and C,H, gases.

Tungsten carbidonitride, W;sCN, films are grown with a cycling of
TEB/WF¢/NHj at 325 °C. The growth rate of the films is 1.3 A/cycle. Also
here the amount of F 1s at the detection limit of RBS and XPS.

Resistivity of W;sN layers is ~480 pu€2cm, which is at the same level as
the resistivity of our W, sCN layers being 465 u€2cm.

Functional W;sN and W, sCN barrier layers have been demonstrated for
interconnect. The W, sN layers with a thickness of 7 and 10 nm and the
10 nm W sCN layer did not show failure of barrier properties with [-V test
of p'/n diodes after the 400 °C anneal for 30 min in forming gas. W, sN and
W sCN layers serve as good barriers for both Cu and Al metallisation.

Four-point probe sheet resistance tests at elevated temperature showed no
Cu-barriers interaction up to 500 °C. C-V and C-t measurements of
capacitors do not reveal Cu diffusion in the SiO, protected with a 10 nm
barrier film after the anneal treatment.
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The combination of low RMS roughness (~0.33-0.43 nm for films of
10-16 nm thick), low resistivity, low reactivity with Cu and good blocking
properties against Cu diffusion makes these films promising diffusion

barriers.

7.3 Recommendations

Some recommendations for further research are:

In order to confirm a growth mechanism during the ALD of the
WisN film, i.e. role of the C,H, (Chapter 6), a study of the species
available on the surface of the growing film and in the reactor
volume should be performed. This comprises surface analysis by in
situ . XPS/TOFSIMS (Time-of-Flight Secondary Ions Mass
Spectroscopy) and mass spectrometry.

A focus on integration issues should be done for a successful
integration of the W1 sN in Cu interconnects. Among others, a study
and optimization of Cu growth on W;sN and W,;;sCN films should
be performed. Moreover, a study of compatibility of W, sN with
low-k dielectrics should be done.
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SAMENVATTING

In moderne geintegreerde circuits met Cu interconnecties wordt van een
diffusiebarriere gebruikt gemaakt tussen het di€lektricum en het Cu om Cu
diffusie door het di€lektricum tegen te gaan. Voor de keuze van een
dergelijke barriére is het nodig een geschikt materiaal te vinden en
onderzoek te doen naar de chemische reactiviteit met zowel het Cu als het
di€lektricum zoals dat gebruikt wordt in de IC fabricage.

Dit proefschrift presenteert de resultaten van een studie gericht op de
groeiprocessen van wolfraamsilicide-nitride films door CVD en
wolfraamnitride en wolfraamcarbonitride films door ALD. Ook de
geschiktheid van deze materialen als een diffusie barriére is geévalueerd
door het testen van diverse film eigenschappen zoals: weerstand, RMS-
ruwheid, reactiviteit met koper, het blokkeren van koper diffusie en de
hechting. Een combinatie van Cu met wolfraamsilicide-nitrides met een
Si/W verhouding >0.8 lieten een Si diffusie zien vanuit de barriére in het
Cu, wat resulteerde in een grote toename van de elektrische weerstand van
het Cu. Hierdoor haalden deze materialen het criterium van een lage
reactiviteit met Cu mniet. Dit 1s getest met in situ vier-
puntsweerstandsmetingen bij verhoogde temperatuur. Wolfraamnitride en
wolfraamcarbonitride toonden een lage reactiviteit met Cu. Bovendien
blokkeren deze films Cu en Al diffusie. Dit is aangetoond op
condensatoren en p'/n diodes.

Een continue schaalverkleining van de componenten op IC’s vereist de
toepassing van materialen met een lage di€lektrische constant zoals
SiILK™ (een aromatische koolwaterstof gebaseerde polymeer met een
statische diélektrische constante ~2.65) in de IC fabricage. Hiervoor is
onderzoek nodig naar de processen op het grensvlak van de di€lektrische
film en Ta gebaseerde materialen welke nu algemeen gebruikt worden als
barriere. Om deze reden is de wisselwerking van SiLK met Ta gebaseerde
materialen onderzocht. Weerstandsmetingen laten zien dat tantaal met 8-10
at% N, een betere thermische stabiliteit vertonen met SiLK dan de pure Ta
film. Deze lagen hebben een voldoende hechting, zoals aangetoond met
vier-puntsbuigtesten.
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