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Referat

In mehrlagigen Kupfer/low-k basierten Metallisierungssystemen hochintegrierter
elektronischer Bauelemente kann die Entfernung von Residuen nach der
Plasmastrukturierung des Dielektrikums mittels herkdmmlicher
Plasmareinigungsprozesse zur Schédigung der Isolatorschicht und damit zum
Ansteigen der relativen Dielektrizitdtszahl sowie der Leckstrome fithren. Neben der
Entwicklung schédigungsarmer Plasmaprozesse stellt der Ersatz dieser Prozesse
durch Nassreinigungsschritte zur Atzresiduenentfernung eine vielversprechende
Alternative dar. Mit stetig abnehmenden Strukturabmalfien ist bei der Entwicklung
dieser Nassreinigungsprozesse neben der Materialkompatibilitdt auch das
Benetzungsverhalten der Reinigungsfliissigkeit von entscheidender Bedeutung, da
die Oberflichenenergie der Reinigungslosung das Eindringen dieser in kleinste
Strukturen verhindern und es durch hohe Kapillarkrifte zum Kollaps von
Grabenstrukturen im Dielektrikum kommen kann. In der vorliegenden Arbeit
wurde zundchst mittels Kontaktwinkelanalyse die Oberfldchenenergie verschieden
prozessierter low-k Dielektrikaschichten sowie herkommlicher Ldsungen zur
Entfernung  von  Atzresiduen  untersucht, um  hinsichtlich  ihres
Benetzungsverhaltens besonders kritische Materialkombinationen aufzuzeigen.
Neben der Bestimmung des Benetzungsverhaltens hat sich die
Kontaktwinkelanalyse zur Oberflichenenergieberechnung als schnelle und
empfindliche Methode zur Analyse der Auswirkung von Plasmaprozessen auf die
Oberfliche von low-k Dielektrika erwiesen. Die Untersuchungen haben gezeigt,
dass besonders polymerisierende Plasmaprozesse eine niederenergetische
Oberfliche erzeugen, welche von den derzeit in der Halbleiterfertigung
bevorzugten hochenergetischen wasserbasierten Reinigungslosungen nur schlecht
benetzt wird. Um diesem Effekt entgegenzuwirken wurde in der vorliegenden
Arbeit die Senkung der Oberflédchenenergie der Reinigungslosungen durch Zugabe



Bibliographische Beschreibung

von Tensiden untersucht. Es wurden mehrere Tenside unterschiedlichen Typs den
Reinigungsfliissigkeiten zugemischt und die Kompatibilitdt dieser Losungen mit
low-k Dielektrika, Kupferschichten und Diffusionsbarrieren untersucht sowie ihr
dynamisches Verhalten analysiert. Dabei hat sich gezeigt, dass die Auswahl der
geeigneten Spiilldosung nach dem eigentlichen Reinigungsprozess von
entscheidender Bedeutung ist. Optische, elektrische sowie strukturelle Daten
deuten darauf hin, dass bei Verwendung einer Spiilung mit deionisiertem Wasser in
den meisten Fillen Tensidriickstinde im pordsen Dielektrikum verbleiben. Eine
Spiilung mit Isopropanol war hingegen in der Lage, einen GroBteil dieser
Tensidriickstinde zu entfernen. Unter Einbeziechung der Daten zur
Materialkompatibilitdt und dem dynamischen Verhalten der Tensidlosungen bei
Raumtemperatur und erhohter Badtemperatur sowie ihrer Langzeitstabilitdt konnte
schlieBlich eine Prozessempfehlung fiir die Verwendung der benetzungsoptimierten
Reinigungslosungen in der BEOL-Prozessierung gefunden werden.

Stichworte

Low-k Dielektrika, Atzresiduen, Plasmaschidigung, Nassreinigung, Benetzung,
Strukturkollaps, Oberflachenenergie, Kontaktwinkel, Tensid, dynamische
Oberflachenenergie, ULSI

Abstact

In multi-level Co/low-k based interconnect systems of ultralarge-scale integrated
electronic devices the removal of plasma etch residues by common plasma cleaning
processes has been shown to alter material properties like k-value and leakage
current of the low-k dielectric. Besides the development of less damaging plasma
processes their substitution by wet cleaning steps is in the focus of research and
development. With further decreasing feature dimensions the development of wet
cleaning processes has to include wetting issues like the non-wetting of small
features due to the surface energy of the liquid or pattern collapse effects of low-k
dielectric trenches due to high capillary forces This work at first focuses on the
determination of the surface energetic character of common cleaning solutions for
PERR and differently etched or ashed low-k dielectric surfaces by contact angle
analysis, to outline which combinations of solid and liquid will be critical
regarding their wetting behavior. Besides the determination of the wetting behavior
the contact angle analysis turned out to be a fast and sensible analytic tool to
understand the surface modifications introduced by different plasma processes and
can help to understand the mechanisms of plasma damage of low-k dielectric
surfaces. The analysis showed that especially polymerizing plasma etch processes
produce a low-energetic low-k dielectric surface with a negligible polar energy



contributions, which inhibits their wetting by high energetic water based cleaning
solutions, which actually are favored by semiconductor manufacturers. The strategy
to overcome these wetting issues followed in the present work is the reduction of
the surface energy of the cleaning liquids by the application of surfactants. Several
types of surfactants have been applied to the cleaning liquids and the compatibility
of the surfactant solutions to BEOL materials like low-k dielectrics, copper and
diffusion barriers as well as their dynamic behavior has been studied. The analysis
showed that choosing the appropriate rinsing solution after the cleaning process is
essential to ensure its compatibility to porous low-k dielectrics. Optical, electrical
and structural data indicated that DIW rinse in most of the cases was not able to
remove residual surfactant species within the material, while for an IPA rinse most
of the residual surfactants have been removed. Considering the data received for
compatibility to low-k materials, copper and barriers, the dynamic behavior of the
surfactant solutions as well as influences of increased bath temperature and long
term stability a general advice about surfactant selection and processing of
surfactant aided solutions within BEOL is given.

Keywords

low-k dielectric, plasma etch residue, plasma damage, wet cleaning, wetting,
pattern collapse, surface energy, contact angle, surfactant, dynamic surface energy,
ULSI
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Sobald man in einer Sache Meister geworden ist,
soll man in einer neuen Schiiler werden.

Gerhart Hauptmann
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1. Introduction

The progress in development of microelectronic integrated circuits over the last
decades enabled rapid advances in nearly every field of our industrialized society.
Fabrication automation, telecommunication, medical diagnostics, engineering,
natural science, automotives or weather forecasts are only a few branches which
strongly profiteer from increasing IC performance. But also in the private sector
microelectronics created new digitalized opportunities for everyone, like mobile

communication or personal computing.

The demands to become smaller, faster and cheaper made microelectronic devices
affordable and are the main drivers of research and development in semiconductor
industry. Since the development of the first germanium based solid state transistor
by Shockley, Bardeen and Brattain at Bell Labs in 1947 [1, 2], many fundamental
discoveries have accompanied research and development. Silicon based IC
technology was introduced in 1954 by Teal of Texas Instruments [3]. The first
connected or integrated transistor structures have been developed by Noyce and
Kilby at Fairchild and Texas Instruments, respectively, in 1958 [4]. In contrast to
discrete devices integration rapidly reduced the size of microelectronic devices and
enabled the fabrication of more complex features. In 1959 Kilby and Noyce
presented the first transistor manufactured in planar technology, followed by the
first MOSFET in 1960 (Khang at Bell Labs) [5].

The main advantages of fabricating multiple transistors on one single substrate is
the reduction of manufacturing costs, the ability to produce complex, reliable and
reproducible integrated circuits, which entered the market in the 1960’s. IC speed
more and more increased by miniaturization of the transistor structures and rapid

increase of the number of transistors on a single chip. In 1965 Gordon Moore stated
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that with further development the number of transistors per chip will double every
18-24 months [6]. This prediction called Moore’s law deals as an orientation for
semiconductor industry (Figure 1-1). Moore’s law always refers to the number of
transistors or their packing density which can be produced with optimum expense
(Figure 1-2). The computing power of an IC exponentially increases, which results

from an inversely scaling transistor speed with the feature size.
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Figure 1-1: Moore’s Law showing the transistor count doubling approximately every two
years [8]

Improvements in processing have been able to overcome the limitations of device
scaling for more than 40 years, but there has always been the question, how long
Moore’s Law will keep it’s validity Knowledge gaps which have to be focused by

research and development are identified by the International Technology Roadmap
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for Semiconductors (ITRS), assuming the continuity of Moore’s law. Increasing
integration density by dimensional scaling ensured higher speed and reduced power
consumption of a digital circuit. The digital content of an integrated circuit, along
with storage components, is the CMOS transistor, but many microcelectronic
devices will have analog functionalities like radio frequency devices, sensors,
actuators, bio chips or micromechanical systems (MEMS). They represent the
interface with the actual environment, which is analog. Both trends, further
miniaturization calles “More Moore” and functional diversification called “More

than Moore”, are now implemented into the ITRS.

Cost per device

Waste of space Technological problems

>
Opti‘mum Packing den?ity p

Figure 1-2: Packing density of transistors on an IC and production cost per device.

Below the optimum point the available space on the chip is wasted while beyond this point
production costs are too high due to technological difficulties. Moore’s Law referrers to
the optimum value of packing density and costs per device.

1.1. Integration of new materials in FEOL and BEOL processing

With further decreasing feature sizes many of the traditionally applied materials in
semiconductor manufacturing do not longer meet the requirements of future
technology nodes summarized in the ITRS. This resulted in the development of

new material concepts in FEOL and BEOL processing. Prominent examples in



4 1.1 Integration of new materials in FEOL and BEOL processing

FEOL are the replacement of SiO, as gate insulator by high-k materials or of the
poly crystalline Si by metal gate structures and the introduction of stressor
materials to increase charge carrier mobility. Since the mid 90’s of the last century
the number of materials applied in semiconductor technology has more than

doubled (see Figure 1-3).

Table 1-1: Guidelines for interconnect technology actually listed in the ITRS for short and
long term development. The red fields mark issues where at present no manufacturable
solutions are known.

Year of production 2010 2011 2012 2015 2018 2020

Technology node 32 32 32 22 15 ?

MPU/ASIC *; pitch [nm]

45 38 32 21 15 11.9
metal 1

Interlevel metal insulator

2.6-2. 2.6-2. 2.6-2. 4-2. 1-2. .0-2.
effective dielectric constant (keff) 6-2.9 6-2.9 6-2.9 | 2.4-28 | 2125 | 2.0-2.3

Interlevel metal insulator bulk

. . 2.3-2.5 | 2.3-25 | 2325 | 2.1-23 | 1.9-23 | 1.7-1.9
dielectric constant (k)

Cu diffusion barrier and etch

5-4. 5-4. 5-4. .0-3. 2.6-3. 2.4-2.
stop bulk dielectric constant (k) 3 03 03 0| 3035 6-3.0 6

Conductor effective resistivity

[1Q2em] Cu metal 1 4.08 4.30 4.53 5.58 6.70 8.19

Barrier cladding thickness [nm]

metal 1 33 29 2.6 1.9 1.3 1.1

Manufacturable solutions Manufacturable solutions are | Manufacturable solutions are
exist and are being optimized known not known
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Since the 90's
Beyond 2006

¥Lanthanide series

**Actinide series

Figure 1-3: Chemical elements applied in semiconductor technology. Beyond 2006 the
number of elements used has more than doubled compared to the 1990’s due to the
integration of new materials to meet the requirements of the ITRS for future technology
nodes.

The speed of integrated circuits has been increased by miniaturization to reduce
signal propagation time within the active areas of the transistors, but when
technology reached the 250 nm node opposed effects within the interconnect
system started dictating IC performance [10]. Due to increasing parasitic
capacitances signal delay and crosstalk effects are limiting overall IC speed and
SiO; as insulating material no longer meets the requirements of future technology
nodes due to its high k-value of about 4.0.. The so called RC-product, which is a
measure of signal delay within interconnect structures has to be minimized. Besides
the replacement of Aluminum by copper for wiring (reduction of R) low dielectric

constant materials (low-k) emerged to replace SiO, [11, 12].
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The integration of low-k materials, which actually contain organic species and are
porous to reduce the k-value down to < 2.5, is challenging and commonly applied
processes for patterning, cleaning, CMP etc. have be adjusted to be compatible to
the sensible low-k materials. This is especially true for cleaning processes due to
the fact that the use of aggressive chemicals can easily alter the properties of a
variety of materials like low-k materials, copper or diffusion barriers. Besides the
removal of particles and other contaminants, the removal of plasma etch residues is
one of the most important cleaning processes and covers up to 30% of all cleaning
processes [13]. Commonly applied processes to remove polymeric residues
deposited during dielectric etching are no longer compatible to hybrid low-k
materials, which actually have a porosity of 20-30%. Especially oxidizing
chemistries used in plasma and wet cleaning have to be avoided due to the fact that
they strongly degrade the dielectric’s electrical parameters [14]. To find alternative
and Cu/low-k compatible cleaning processes is one of the main issues in BEOL
research and development. But with smaller and smaller structures additional
challenges occur, especially in the field of wet chemical PERR, which is a

promising alternative to low-k material damaging plasma processes.

In 32 nm and especially in 22 nm technology the focus in developing wet cleaning
solutions will no longer be only on compatibility and chemical composition of the
cleaner, but has to include the wetting behavior of the system liquid/solid. Due to
its surface tension / surface energy the cleaning liquid may not be able to penetrate
into very small structures and no residue removal will be possible in those cases.
This is especially critical for small via structures. Another issue is the trend of
semiconductor manufacturing to prefer water based cleaning liquids which have the
advantage of being environmentally friendly, nontoxic and ensure low disposal
costs [15]. But such kind of cleaning solutions are high energetic and will show a

poor wetting behavior on low-energetic polymeric residue layers. The high surface
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energy of the cleaning liquid can also introduce the effect of pattern collapse to
interconnect structures, which is actually known in lithography for photoresist
structures. High capillary forces are able to deform and even destroy small trench
structures. In 32 nm and 22 nm technology porous and mechanically weak low-k
patterns will have to face this challenge. This drives the demand of the
development of wetting optimized wet cleaning solutions, which enable wetting of

small structures and prevent pattern collapse.

1.2. Overview of the dissertation

In this work at first the focus is on the basic determination of the energetic
characteristics of wet cleaning solutions commonly used for PERR and of several
materials applied in BEOL processing, especially differently etched/ashed low-k
dielectrics. The surface energy values gathered are used to determine the wetting
behavior of the system solid / liquid and to disclose combinations of cleaning liquid
and solid surface where the wetting will be critical. The approach to overcome
those kinds of wetting issues followed in this work is the optimization of the
wetting behavior of the cleaning liquid. By the application of surfactants the
surface energy of the liquids can be decreased to ensure optimal wetting. The
compatibility of the surfactant aided solutions to BEOL processing is studied and
finally a basic advice for selecting suitable surfactants and processing of wetting

optimized surfactant aided wet cleaning solutions will be presented.

The first part of chapter 2 gives an introduction to low-k technology and integration
issues. Material concepts and dual damascene integration schemes used to fabricate
interconnect wiring systems will be discussed. In the second part the focus will be
on plasma etch residue removal strategies. The origin of polymeric residues and

their composition as well as commonly applied plasma processes to remove etch
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residues are introduced. Low-k material damaging by several plasma processes is
described, which gives rise to the strategy to substitute dry cleaning processes by

all wet plasma etch residue removal.

Common wet cleaning processes as well as new cleaning strategies like the
application of supercritical fluids are discussed. Newly emerging wet cleaning
challenges in 32/22 nm technology, which mainly include wetting concerns like
nonwetting of small structures or pattern collapse effects and are focused by this
work, are briefly introduced. This finally shows the necessity to understand wetting
mechanisms and strategies to analyze the wetting behavior of cleaning solutions

and solid surfaces to be cleaned.

Chapter 3 will go more into detail on wetting, describing the thermodynamic
background and importance and origin of surface energies to understand wetting.
Several model considerations to describe surface energies and which allow their
experimental determination will be shown. The second part of this chapter focuses
on a more detailed description of wetting concerns emerging in PERR like
nonwetting of small structures and finally shows several strategies to overcome
those issues. One of those strategies is the reduction of the surface energy of the
cleaning liquid, which finally stands in the focus of this work. One approach to
lower the cleaning liquid’s surface energy is the application of surfactants, an

approach only rarely studied in the recent years.

Chapter 4 describes the basic mechanisms of a surfactant lowering the surface
energy of a liquid medium as well as types and application fields of surfactants and
special issues to be analyzed, like the compatibility of surfactant solutions to
materials used in BEOL. The determination of the energies of solid and liquid

surfaces was done by applying the method of Owens, Wendt, Rabel and Kaelble
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(OWRK) and the pendant drop method, both described in chapter 5 as well as the
maximum bubble pressure method to analyze the dynamic behavior of the
surfactants selected for this work. This chapter also introduces the analytical
methods used to determine whether a surfactant solution is compatible to dielectric,
metallic and barrier materials, e.g. spectral ellipsometry, FTIR and electrical

measurements.

In chapter 6 the results of the surface energy calculations of the solid and liquid
samples are shown. The OWRK method turned out to be very useful finding an
appropriate combination of liquid and solid for optimal wetting behavior.
Additionally the analysis of differently treated dielectric samples by contact angle
measurement and surface energy calculation turned out to be not only helpful to
determine the wetting behavior of the surfaces but also to evaluate the impact of
plasma processes on the surface properties of the low-k dielectric. The values of
polar and dispersive energy contribution after plasma treatment give a hint of
whether or not a damage of the dielectric surface happened or if a polymer has been
deposited. Meanwhile this method has been developed into a standard analytical
method to analyze the influence of plasma processes on dielectric samples. The low
surface energy of most of the materials analyzed showed the need to optimize the
surface energy of the studied water based cleaning liquids, which turned out to

have a too high surface energy to ensure good wetting on the studied solid surfaces.

In chapter 7 several types of surfactants are applied to the cleaning liquids to lower
their surface energy. The compatibility to BEOL materials and their dynamic
behavior has been studied and a general advice about selecting surfactants and

processing of surfactant aided solutions within BEOL processing is given.
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Chapter 8 finally summarizes the results of this work and gives an overview of
future works necessary to further develop wetting optimized cleaning solutions by

application of surfactants.



2.  Processing and integration of low-k dielectrics in BEOL

In the first part of this chapter the focus is on the factors limiting the signal speed
especially within the interconnect system of integrated circuits, their origin and
strategies to overcome those issues. The integration of new materials like low-k and
ultra low-k dielectrics will be discussed, especially looking on challenges
integrating those kinds of materials. The second part of this section will concentrate
on the area of plasma etch residue removal in Cu/low-k technology. Here the origin
of plasma etch residues, common removal processes and new cleaning strategies

will be discussed, which meet the requirements of future technology nodes.

2.1. General introduction

Today’s integrated circuits performance is mainly limited by parasitic effects
within the interconnect system [16]. Within FEOL the gate delay dominated the
IC’s performance and could be minimized by decreasing gate lengths and further
miniaturization of transistor structures. Until the 250 nm generation emerged the
influence of the interconnect system to the overall speed of the IC was rather
inessential. With further decreasing feature geometries crosstalk and delay times of
the interconnect system gained ascendancy over the delays caused by FEOL

features (Figure 2-1) [12, 17].

The main driver of parasitic effects within interconnect structures are parasitic
capacitances (Figure 2-2), which occur between wires and between metallization
levels [19, 20]. The total delay of the interconnect system can be described by the
RC product:
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T=R-C @2-1)

where R is the resistivity of the metal used for wiring and C are the capacitances
between wires or levels. R could be decreased by replacing aluminum by copper
for metallization. Copper has a 30 % lower resistivity than aluminum and

additionally shows less electromigration effects [21, 22].
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Figure 2-1: Expected interconnect delay for copper and low-k devices. Beyond the 250
nm technology node the delay times of the devices are no longer ruled by the transistor
itself but by parasitic effects of the global wiring system. [18].
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Figure 2-2: Parasitic capacitances occurring within the interconnect system of an
integrated circuit. With decreasing feature sizes the metal lines become closer to each
other and the capacitances increase, leading to a larger RC-product of the interconnect
system [19].

To further decrease t the capacitances within the interconnect system have to be

minimized. The smaller the distance between two metal lines the bigger is the

capacitance (equation 2-2) [12].
A
d

Besides signal delay the power consumption of integrated circuits is challenging.

C=¢ & (2-2)

Power consumption strongly increases with higher frequencies and feature density:

P=a-C-f-V? (2-3)

where P is the power consumption, o is the wire activity, f is the frequency and V
is the voltage of the power supply [12]. In addition to this dynamic power
consumption leakage currents between wires bring in a static power consumption

and should be as low as possible.
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The decrease of g, (k-value) of the dielectric insulating material between the wires
and metallization levels is a promising approach to overcome those issues. This
caused the development of low-k materials with a much lower k-value than the

formerly used SiO, (k ~ 4). The following section will go more in detail on this.

2.2. Strategies to decrease the k-value of the insulator
2.2.1. Decreasing the k-value by reducing the polarizability of the dielectric

The k-value represents the polarizability of the dielectric when exposed to an

electric field and is defined by the equation of Clausius and Mossotti:

grel_l_ N + ) 2.4
e t+2 38 (@ + aq 2-4)

where o is the electronic polarization, oy is the distortion polarization and N is the

total number of the atoms or molecules [12, 23].

The k-value of a dielectric can be lowered by decreasing its polarizability and
density. Polarizability can be reduced by incorporation of less polar groups like
carbon or fluorine based species [12, 24]. By this method the k-value of Si-O based
dielectrics can be reduced down to 2.6. For further reduction the film density has to
be lowered. An important way to reduce film density is the incorporation of air into
the material by pores or to form air gaps, which replace the low-k dielectric. In this
work the focus will be set on porous materials, but also dense dielectrics are
analyzed due to the fact that actual integration schemes include dense dielectrics
e.g. to avoid mechanical instabilities [12, 18]. Based on their principal structure

low-k dielectrics can be divided into three main groups (see scheme page 13) [12].
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2.2.2. Introduction of porosity to Si-O based low-k dielectrics

Different techniques have been developed to form porous dielectric materials in the
recent years. They include sol-gel processing to form aerogels and xerogels [25],
surfactant template self-assembled silica [26], two phase (organic / inorganic)
porogen approaches (e.g. MSQ) [27] or nano clustered silica [28], all of them
deposited by spin-on. Actually semiconductor manufacturing focuses on SiCOH
based dielectrics deposited by PECVD using a two-step porogen approach [29, 30].
At first a codeposition of two precursors is done to form a hybrid material
consisting of a SiCOH backbone with inclusions of an organic sacrificial phase
called porogen. In a second step the thermally instable porogen is removed by a
curing process and pores form. A large number of SiCOH precursors (Figure 2-3 a-
d) have been investigated in recent years, including e.g. 3MS (Si(CH;);H), 4MS
(C4H5Si), OMCTS ((CHj3),Si0),) or TMCTS (Si4C4H604) [18]. As porogen o-
terphinene (CioHjs), limonene (CjoH;6) or cyclo hexane (C¢Hj,) are some of the
most preferred species (Figure 2-3 e-g) [31]. In Figure 2-4 the network structure of
a dense TMCTS based SiCOH and the structure of the same material fabricated
using a porogen is shown.

The main principle to further decrease the dielectric constant below 2.6 is the
replacement of Si-O bonding by Si-C, the loosening of the network by
incorporation of large terminating CHj; groups and the incorporation of air filled
pores. The porogen included in the hybrid material has to be removed to form
porosity. This can be done by thermal annealing, E-Beam curing or UV assisted
thermal curing, which is the mostly favored curing method [32]. During curing the
porogen is decomposed and driven out, the SICOH matrix is crosslinking and a
stable porous network is formed. To increase the mechanical strength of the porous
network some Si-C bondings are broken (e.g. by UV radiation) and are replaced by

Si-H. Due to the fact that Si-H is much smaller than Si-CHj; the network becomes
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denser which increases mechanical stability but also leads to a minor increase of

the k-value. Actually developed porous SiCOH materials have a porosity of 20-30

% with a pore size of 1 - 2 nm.
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Figure 2-3: Typical precursor (a-d) and porogen (e-f) molecules used to fabricate dense
and porous low-k dielectrics by PECVD. a) Trimethylsilane (3MS), b) Tetramethylsilane
(4MYS), c¢) Octamethylcyclotetrasiloxane (OMCTS), d) Tetramethylcyclotetrasiloxane
(TMCTS), e) a-terphinene, f) limonene, g) cyclohexane [Sources: a-d: Air Liquide S.A.,
e-f: Fraunhofer ENAS]

To achieve bulk k-values of < 2.0 the integration of air gaps, where a sacrificial
phase is removed and large voids are formed between the metal lines, is considered.
Air gap structures (Figure 2-5 a and b) may provide a higher mechanical stability
than porous low-k dielectrics, but integration schemes include a hybrid construction

of low-k dielectrics and air gaps [18, 33].
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Figure 2-4: Network structure of a porous low-k dielectric fabricated with TMCTS
precursor without porogen addition (a) and with porogen (b).

Figure 2-5: Air gaps partially replacing low-k dielectrics within the interconnect system.
To achieve bulk dielectric constants below 2.0 the hybrid integration of air gaps and low-k
materials is a promising approach. Figure 2-4a shows fully integrated air gaps in a
multilevel wiring system (IBM) and Figure 2-4b shows a single air gap (Panasonic) [7].

2.3. The dual damascene process

As reported before, Aluminum has been replaced by copper for metallization
within the interconnect system. It owns a much lower resistivity than Al and shows
less electromigration. The common subtractive patterning scheme used in Al

technology has been replaced by the damascene process for copper technology. In
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this process scheme the dielectric is patterned at first, followed by the
electrochemical deposition of the metal. Dual damascene processing is the most
common metallization scheme, where via and trench levels are patterned and

afterwards filled with copper at once.

2.3.1. Trench first — via last and Via first — trench last patterning schemes

In Dual Damascene processing two patterning sequences can be used: Trench first
— via last (TFVL) and via first — trench last (VFTL) [34], both starting with a
dielectric stack consisting of an etch stop layer (e.g. SiN) on the bottom, the
interlayer dielectric (ILD) for the via structures, an embedded etch stop layer
(optional) and the ILD layer for the trench structures. In this section the general

processing schemes are described for SiO, used as ILD.

The TFVL processing scheme starts with the definition of the trench patterns. After
deposition, exposure and patterning of the photoresist the dielectric is etched down
to the embedded etch stop layer and the first photoresist is removed. To define the
via patterns again photoresist is deposited, exposed and patterned aligned to the
trench structures. The dielectric is now etched down to the bottom etch stop layer.
During this process the trench structures are protected by the resist from further

etching, which is removed after etching.
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Figure 2-6: Trench first — via last processing sequence.

The thick photoresist layer needed for the 2™ lithography step is one big
disadvantage of the TFVL integration scheme. With decreasing feature sizes very
small via structures are difficult to form in thick resist layers and so this scheme is

only used for larger structures of the uppermost metallization levels.

The characteristic of VFTL compared to TFVL is that at first the via structures are
defined. (Figure 2-7 a and b). After photoresist deposition, exposure and patterning
the ILD is etched down to the etch stop layer at the bottom of the dielectric stack
and the resist is removed. To define the trench pattern in the ILD and to protect the
via structures at the bottom from being etched again photoresist is deposited,
exposed and patterned. The ILD is now etched down to the embedded etch stop
layer and the trench is formed. Afterwards the photoresist is removed.

Those process steps are followed by the deposition of the diffusion barrier, copper

seed layer and copper and the removal of the excess copper by CMP (Figure 2-8). .

Especially with decreasing feature sizes and increasing aspect ratios both dielectric
patterning schemes show advantages and disadvantages. One of the VFTL
scheme’s advantages is the direct alignment of subsequent layers, while in TFVL

the indirect alignment of trench and via requires stringent overlap rules to avoid
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defects. The void free filling of high aspect ratio via features by an organic material

is one of the most challenging issues in VFTL processing.

Pre etch condition Post-etch condition Re-patterned for trench ~ Post-etch condition

— oot

[ pPhotoresist [_1 Dielectric [ Etch stop layer (| Copper

Figure 2-7: Via first — trench last processing sequence.

=l e =

[ Dielectric [ Etch stop layer (] Copper B Diffusion barrier

Figure 2-8: After patterning trench and via the diffusion barrier is deposited (a), the
structure is filled with copper (b) and the excess copper is removed by CMP (c)

Any void in the via fill material can lead to a deformation of the via shape during
trench etch process. A smooth and fence-free transition between via and trench,
which provides a continuous copper seed layer for the electroplating process is one
of the biggest advantages of the TFVL scheme. But with increasing feature sizes
the main challenge of TFVL is a non-planar resist surface due to large step heights
causing a reduction of the depth of focus in the lithography. Aspect ratios are

therefore limiting the decision which approach one could take: TFVL is more
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suitable for wide lines with moderate aspect ratios, while VFTL is capable to cover
higher aspect ratios, but suffers from the improper transition between trench and
via, the so-called fence or shell profile. The introduction of thin hard mask layers
(metal or dielectric hardmasks) to avoid large step heights in TFVL processing is a
very promising approach to overcome the lithography issues described before. In
case of low-k dielectrics even double or triple layer-hardmasks are reported to
protect the low-k materials. The advantages of the hard mask approach are the
fence-free shape of the dual damascene structure, the elimination of resist
poisoning and the lower etch selectivities between the different materials compared

to the VFTL scheme.

2.3.2. Integration schemes for low-k dielectric materials

Plasma processes like etching and resist stripping are known to degrade the
electrical properties of the dielectric. This is especially true for oxygen based
plasma stripping processes. By the introduction of additional mask layers the resist
can be removed without exposing the dielectric to the plasma. Due to weak
mechanical properties full integration of porous low-k dielectrics is critical. The
low-k material has to withstand forces applied by CMP or during packaging and
several temperature treatments during the fabrication of subsequent metallization
levels without cracking or delamination. Hybrid integration schemes including
porous low-k dielectrics as well as dense dielectrics are one approach to overcome
stability issues. Further reliability issues include the diffusion of copper into the
dielectric. Sidewalls and bottom of the structures are covered by a barrier material
which inhibits copper diffusion. At the upper side of the structure the copper can be
covered by an etch stop dielectric, whose interface shows less adhesion to the

copper than other barrier materials. That is the reason why copper diffusion will
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mainly occur at this interface. To prohibit copper diffusion and the formation of
voids or other failures within via/wire structures, a cobalt tungsten phosphide film
(CoWP) can be selectively deposited on the copper after CMP. This film consists
of 90% nano crystalline cobalt, 2% tungsten and 8% phosphorous. The grain
boundaries of the cobalt are sealed by tungsten and phosphorous species and a
strongly adhering metal/metal interface is formed. This usually 10 — 15 nm thin
film also works as an etch stop layer. Every dielectric layer additionally integrated
influences the effective k-value of the Cu/low-k structures and has to be designed
to have a low dielectric constant on its own or to be as thin as possible. Figure 2-9
illustrates several typical inter-level dielectric (ILD) architectures used in the

creation of interconnect wiring levels.

Capping Barrier
wl Dielectric
i:f:*(

4— Dielectric
diffusion barrier

)| 4— Etch stop layer

4— Dielectric
diffusion barrier

<4— Etch stop layer

Homogeneous ILD Embedded low « ILD Homogeneous ILD

without trench etch stop (;;1 > xz) with trench etch stop

Figure 2-9: Copper / low-k integration schemes. Different constructions including
embedded low-k, etch stop layers, barrier and capping layers integrated to e.g. overcome
copper diffusion, result in varying effective k-values of the wiring system; actually the k-
values given in the ITRS are related to the schemes showed above [7].
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2.4. Patterning of Si-O like low-k dielectrics by dry etching

Due to their chemical composition consisting of a Si-O-Si network with organic
CHj; species silica based low-k materials can be patterned using C-F containing
etch gasses, e.g. C,Fq, C4Fg, CF4 or CHF; [35-37]. Fluorine species are reacting
with the SiO, like species of the dielectric, forming volatile SiF, as main reaction
product. Ion bombardment as physical component of the etching process is
loosening Si-O bond to support the reaction. During etching CF, radicals lead to
the formation of a C-F containing polymer at the bottom and the sidewalls of the
features. Oxygen radicals added to the etching gas or released during SiO, etching
remove the polymer or decrease its film thickness. These competing reactions make
sure the polymer does not become too thick. The sidewall polymer protects the
dielectric from being removed by the etching gas and ensures an anisotropic
etching process. At the feature bottom the polymer is loosened by ion
bombardment so the reactive species of the etching gas can diffuse through this
layer and react with the dielectric. A bottom polymer thickness less than 1 nm
enables the ions to bombard the underlying surface, break up bonds, increase
temperature and finally increase the transport rate of reactive species through the
polymer film [38].

Etch profiles, etch rates, selectivities and polymer deposition can be influenced by
additives to the etching gas, e.g. Ar, H,, Ny, O,, C4Fg. Ion bombardment has no or
only a small influence on the sidewall polymer, keeping the layer intact to protect
the dielectric from being etched. Due to UV radiation occurring during plasma
etching the polymer is crosslinking and forms a dense, chemically inert film.
Recent developments lead to the application of more carbon rich etching gasses
like cyclic C4Fg, C4F¢ or C3Fg [39]. By reducing the fluorine content the etch rate of
the dielectric decreases due to the fact that fluorine is the main component to form

volatile SiF, and the polymer deposition rate increases.
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During etching low-k dielectrics containing organic species like CH; additional
reaction products like CO, CO,, H,O and H, are formed. Methyl containing
dielectrics lead to an increased polymer deposition rate due to the fact that they
contain less oxygen. For porous dielectrics the etch rates are much higher than for
dense material, but stabilizes during the process due to the formation of polymer at
the pore walls [40]. The etching process strongly depends on the composition of the
dielectric and every variation of the process parameters affects the surface
condition of the dielectric. This will especially be important for cleaning processes
following the patterning, which have to remove the polymeric residue from feature
bottom and sidewalls. In the following chapter common and new processes for

plasma etch residue removal will be summarized.

2.5. Etch residue composition and cleaning strategies
2.5.1. Composition and impact of plasma etch residues

Polymeric residues mainly consist of CF species in different bonding
configurations depending on the etch chemistry used for patterning. Additionally
inorganic species like Si from the etched dielectric and resputtered Cu can be
incorporated. If the copper surface is exposed to the reactive species of the etching
gas CuF, and CuF can form on the copper surface [41-43]. The composition of the
residue strongly depends on the process conditions, which makes it difficult to find
a universal cleaning strategy. The removal of the residues from bottom and

sidewalls of the features is necessary for different reasons:

e Residues at the bottom will increase contact resistivity when contacting the

underlying metallization level [44-46].
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e With decreasing feature sizes even 3-4 nm thin polymeric residues at the
sidewalls cannot be tolerated to keep the critical dimensions.

e Due to their low surface energy the residues can affect the adhesion of
subsequent barrier layers [47].

e Copper within the residue may be able to diffuse into the dielectric leading

to a degradation of its electrical parameters [48].

Plasma etch residues can be removed by dry plasma processes and by wet cleaning.
Due to the fact that inorganic species like copper or silicon do not form volatile
reaction products using commonly applied oxidizing or reducing plasmas they
cannot be removed by dry processing [38]. A dry cleaning process has always to be

followed up by a wet chemical cleaning.

2.5.2. Residue removal by plasma cleaning and it’s impact on low-k materials

Low-k dielectrics containing organic species like CH; are known to be altered by
plasma processes like cleaning or stripping. This is especially true for porous
dielectrics, where the damaged region can reach far into the bulk material. Plasma
damage is caused by different mechanisms: ion bombardment, reactive radicals and
UV radiation (49, 50). The effects of plasma damage include carbon depletion,
densification of the surface near area and hydrophilization of the low-k material’s
surface. The loss of carbon is due to the destruction of Si-C bonds, which can be
caused by high energetic UV radiation and reactive radicals within the plasma [52,

53].

A destruction of chemical bonds in the surface near area of the dielectric can also

be caused by ion bombardment, leaving behind dangling Si-bonds, which are easily
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saturated by —OH groups. All these effects lead to a degradation of the electrical
parameters of the low-k material:
e Carbon loss means a decrease in low polarizable bonds and causes an
increase of the k-value
e The formation of dangling bonds and their saturation by —OH leads to a
conversion of the formerly hydrophobic to a hydrophilic character of the
dielectric’s surface. In the case of porous low-k materials this also occurs at
the pore walls inside the dielectric. Hydrophilization leads to moisture

uptake, which increases the k-value and leakage current of the material.

Oxidizing plasma chemistries are able to effectively remove CFy species from
feature bottom and sidewall. Their ability to especially remove carbon species
turned out to be the biggest disadvantage when applied to carbon enriched low-k
dielectrics. Recent developments therefore focused on alternative plasma cleaning
processes using reducing chemistries to avoid a degradation of the dielectric. The

following sections will go more into detail on this topic.
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Figure 2-10: Low-k damaging species occurring during plasma processing. (1): ion
bombardment, (2) reactive radicals, (3) UV radiation

2.5.2.1. Oxidizing plasmas

Oxygen based plasma processes are able to completely remove CF, species from
bottom and sidewalls of the structure, but CuF, at Cu is not affected. The oxygen
plasma is very effective in removing carbon by forming volatile CO and CO,, but
has the disadvantage to form copper oxide on copper at the feature bottom [49].
Another, but most crucial drawback is the removal of carbon from dielectrics
containing organic species. This effect is known as plasma damage and will be

discussed later.

Oxidizing plasmas have been shown to convert the surface near area of a SiICOH
dielectric into a hydrophilic SiO,-like material. Porous dielectrics can be altered by
oxygen species deep into the bulk of the material because the reactive species are

able to diffuse into the porous structure. Oxygen is reacting with the methyl groups
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bonded to the Si-O-Si network, the Si-C bond is broken and unsaturated bonding
places are formed. Those dangling bonds are in many cases saturated by —OH from
surrounding atmosphere. One possible reaction mechanism is shown in equation (2-

5) [50, 54-58]:

=Si—CH;+40 —=Si—O0H+ CO, + H,0 2-5)

The highly polar Si-OH species can induce moisture absorption or react to form Si-

O-Si compounds (equation 2-6):

=Si—-OH+HO—-Si=>=Si—0—-Si= +H,0 (2-6)

In any case the carbon incorporated into the dielectric to reduce polarizability is
removed. The depth of this carbon depleted area is influenced by the plasma
process conditions. It increases with the concentration of reactive species and with
substrate temperature. Due to the damage effect of oxidizing plasma processes on
low-k dielectrics, alternative less damaging processes are in the focus of research

and development activities.

2.5.2.2. Reducing plasmas

Reducing plasmas, especially hydrogen based plasma chemistries, have gained a lot
of interest in the recent years due to reduced damage effects on low-k dielectrics.
CF, species can be removed effectively by hydrogen plasmas, but fluorine is more
easily removed than carbon because the formation of HF is energetically more
favored than CH,4 as reaction product. An about 1 nm thin carbon rich layer can

remain at the feature sidewalls and has to be removed by an additional cleaning



2 Processing and integration of low-k dielectrics in BEOL 31

step. Reducing plasmas are able to remove copper oxide from the feature bottom by
forming Cu and H,O as reaction products, but cannot remove resputtered copper
incorporated into the sidewall residue [50, 51].

Plasma processes using reducing chemistries are widely studied and are one
candidate to replace damaging oxygen plasma processes. Especially hydrogen
plasmas have been analyzed. It was found that atomic hydrogen in a plasma can
also lead to the formation of polar Si-OH and Si-H bonds. Possible reactions can be
seen in equations 2-7 — 2-9, where reaction 2-7 and 2-9 are the most probable ones

[50, 54, 59, 60].

=Si—CHs+ 2H >=Si—H+CH, 2-7)
=Si—0—-Si= +2H »=Si—H+Si — OH (2-8)
=Si—OH+2H > =Si—H+ H,0 (2-9)

The film damage was found to be strongly influenced by the substrate temperature
and the density of hydrogen species in the plasma: higher substrate temperatures
minimized the damage while higher densities increased the damaging effects. Film
porosity, actually in the range of 15-30%, also turned out to be an important factor:
dielectrics with low porosity only showed carbon depletion on the very top layers
while highly porous materials have been damaged down to the bulk. The hydrogen
plasma processes have been modified by adding e.g. He or Ar to further increase
resist removal rates [61-64]. Although the damage is much smaller than for
oxidizing plasmas, at least the very top layers have been modified in any case.
Addition of N, to the hydrogen plasma leads to the formation of Si-NH, and Si-O
bonds and supports moisture uptake [54,65]. The analyzes showed that a
completely nondamaging plasma cleaning process has not been found yet. That is

why wet chemical removal of plasma etch residues is a promising alternative to
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plasma processes. Integration of porous low-k dielectrics and further decrease of
feature dimensions at 32 nm technology node and below turns out to be a big
challenge for the development of appropriate cleaning processes. In the following
section common cleaning processes and new strategies for plasma etch residue

removal will be described.

2.5.3. Removal of plasma etch residues by wet chemical processes

With the introduction of copper and low-k materials within the interconnect
system, wet cleaning processes for etch residue removal have become challenging.
Common wet processes in Aluminum technology using HDA solutions to dissolve
etch polymers had to be replaced due to their incompatibility to copper, (corrosion)
[66-68]. If low-k dielectrics, especially porous materials, are exposed to the
solutions, contaminants can be trapped in the porous structure leading to material
degradation and reliability issues. To increase throughput in production, single
wafer processes have been introduced with process times of approximately 1
minute per wafer. Remover formulations therefore have to be more aggressive
toward the residues to be effective. Cleaning solutions based on organic solvents
are more and more replaced by water based cleaners. Those solutions are less toxic
and inflammable, disposal costs are reduced and they are more environmentally
friendly [66]. With decreasing feature dimensions the turn to water based solutions
has raised suppositions about the ability of the liquid to remain effective due to
wetting issues and limitations of mass transport, This section describes common
processes for PERR with a focus on new developments to meet the requirements of

future technology nodes.



2 Processing and integration of low-k dielectrics in BEOL 33

2.5.3.1. RCA cleaning process

The most common wet cleaning process for silicon wafers in IC industry is the
RCA clean [69]. This process consists of SC1 and SC2 and is able to remove both
polymers and metallic contaminations. SC1 is a water based mixture of ammonium
hydroxide and hydrogen peroxide at approximately 60°C bath temperature. This
process is strongly oxidative and removes organic species. SC2 uses a mixture of
hydrochloric acid and hydrogen peroxide in water at 60°C. It removes metallic and
other ionic contaminations. There have been several investigations to find
alternative wet plasma etch residue removers, including nitric, hydrofluoric,
sulfuric and chromic acids. The cleaning mechanism is the same as for standard
RCA: the residue is undercut and lifted off the dielectric. It was found that most of
these processes are too aggressive, especially looking at porous dielectrics, copper
at the feature bottom and low tolerance in changing critical dimensions, so new wet

cleaning strategies have emerged [66].

2.5.3.2. Solvent based and semi aqueous fluoride solutions

This most common type of residue remover in copper damascene technology
contains a small amount (< 2 %) of HF or NH4F and up to 30% water mixed in an
organic solvent. Fluorine is the chemical reactive species, which etches the
underlying SiO,-like layer and lifts off the residue. With the turn to water based
solutions fluorine containing cleaners have also been modified and the amount of
organic solvents has been reduced, resulting in the development of solutions with

more than 80 % water [66].
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2.5.3.3. Solvent — Hydroxylamine solutions

HDA solutions have been the standard in Al technology, but they are much too
aggressive for copper interconnects. There has been a large amount of copper loss
and these kinds of cleaners were thought to demise. But is has been possible to
mitigate the corrosive behavior of HDA on copper. The formulations have been

turned to be compatible to Copper/low-k technology [66].

2.5.34. Advanced aqueous chemistries

Those solutions are the most challenging ones for development due to the fact that
neither photoresist or polymeric residues are water soluble. To mitigate evaporation
and increase bath life the operation temperatures should be kept in the range of
room temperature. There has to be found a balance between aggressiveness to the
residues and benign behavior towards copper and low-k dielectrics. The chemical
active compound in these solutions can be fluorine, but there are several new

developments, which do not contain fluorine anymore [66].

2.5.3.5. Radical anion chemistry

This residue removal strategy is based on reductive naphthalene radical anion
chemistry. The solutions are fabricated by electrolysis using platinum electrodes in
an electrochemical cell. Radical anions are generated from a reaction of metallic
sodium and naphthalene in an appropriate solvent. The solutions causes
defluorination of the residue surface, a swelling and finally lift off of the residue
[38, 70]. These solutions have passed first compatibility tests to copper and low-k

materials, but are still in an experimental state. It is unsure if the use of sodium will
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finally be compatible. Additionally an incomplete removal of the swollen residues

has been reported, which is caused by the pinning of the polymer on feature edges.

2.5.3.0. Other oxidizing chemistries

Mixtures of DIW and ozone have been under investigation. They are especially
interesting due to their high removal rates, but have been found to be not
compatible to dielectrics which contain organic species. Dilute sulfuric acid mixed
with hydrogen peroxide or ammonium hydroxide mixed with hydrogen peroxide
has been considered as residue removing solutions. The residue is broken into
smaller fragments by those liquids by oxidation, which have to be removed by a
subsequent DIW rinse. Besides these processes are not compatible to organic low-k
dielectrics, they need a huge amount of DIW and toxic species, which stands in

contrast to recent strategies in research and development [38].

2.5.3.7. Supercritical CO, cleaning

Supercritical fluids, especially supercritical CO, (SCCO,), are in the focus of
research and development due to their environmentally friendly behavior and low
surface energy. They are produced by applying pressure and temperature beyond
the critical point of CO, at 31°C and 1100 psi [71]. Besides the relative cost
extensive equipment needed to fabricate the supercritical fluids, its low solvating
power is one disadvantage. Nevertheless they are a promising alternative to high
surface energy liquids, which can cause pore and pattern collapse or may not be
able to penetrate in small features. Additives like co-solvents have to be used to
increase solubility, but the effect of them to the cleaning chemistry is not fully

understood till now. Additionally the processes using supercritical fluids are not
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well standardized to be used in conventional cleaning equipment and do not meet

the process time requirements needed for single wafer processing [38].

2.5.4. New challenges in wet chemical PERR in 32/22 nm technology

Wet cleaning solutions are facing difficult challenges getting applied in 32 and 22
nm technology. Of course they have to meet compatibility requirements to the
materials used within the interconnect system and have to be able to remove
organic and inorganic residue species without influencing critical dimensions or
any other material parameters. With decreasing feature sizes especially the wetting
behavior of wet chemical PERR solutions gets into the focus of interest. Most
obviously difficult is the wetting of CF-containing polymeric residue surfaces,
which own a very low surface energy. This effect is in clear contrast to the efforts
to use cleaning solutions mainly based on water. Those solutions are known to have
high surface energies and will show a poor wetting behavior on polymeric residues.

Additional effects caused by shrinking feature geometries have to be faced.

Especially via structures are critical due to the fact that a high energetic cleaning
solution may not be able to enter the feature and no cleaning will occur. This
becomes even more difficult if the sidewalls of the via hole are covered by a low-
energy polymer. But even if the liquid is able to penetrate into the structure, the
cleaning process can suffer from low mass transport rates [72]. In combination with
small feature sizes, high aspect ratios and high surface energy cleaning solutions
the weak mechanical properties of porous low-k dielectrics can result in pattern
collapse during drying after wet cleaning. This effect is well known from high

aspect ratio photoresist features in lithography [73].



2 Processing and integration of low-k dielectrics in BEOL 37

High capillary forces not only lead to the destruction of trench structures be
sticking, but can cause a collapse of the porous network of the dielectric. All those
effects are directly connected to the wetting behavior of solid and liquid media and
can be described and declared by analyzing the surface energies of both phases.
The following chapter will go more into detail on wetting, surface energies and
describes the origins of capillarity effects, which may occur using wet cleaning in

future technology nodes.
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3.  Wetting and surface energies in wet cleaning processes

As described in the previous section the wetting behavior of a wet cleaning solution
becomes more and more important as feature dimensions are further decreasing.
Development of wet cleaning liquids for future technology nodes has therefore not
only to consider chemical and compatibility issues, but has to design solutions with
optimized wetting properties. Low energetic surfaces and the trend to use water
based cleaners are additionally complicating this intention. The key to
understanding whether or not a solid surface is wetted by a liquid is the knowledge
about the interaction of surface energies of both media and how those energetic
characteristics can be influenced. For the liquid phase usually the notation “surface
tension” and for the solid “surface energy” is applied, but it has been shown that
both physical values are almost equivalent [74-76]. Therefore the term “surface
energy” will be used for both media in this work. This chapter describes the main
basics of wetting, contact angles and surface energies. The methods of

experimental determination of surface energies will be introduced in chapter 5.

3.1. General introduction

Wetting is important in many processes, both natural and industrial. It is essential
looking at any kind of coating processes, e.g. using paint or ink, in pharmacy,
personal care, etc. But also in semiconductor industry one can find process steps
depending on good wetting, e.g. spin coating, wet etching and of course all wet
cleaning applications. An evaluation of wetting for this kind of processes always
has to consider equilibrium and dynamic aspects of wetting. Equilibrium effects of
wetting are described best by thermodynamics. A drop of a liquid put on a solid

surface forms a contact angle 0 at the wetting perimeter / wetting line (see Figure
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3-1) and an equilibrium of the 3 involved phases vapor, liquid and solid is
established [77].

The measurement of the contact angle therefore is a method to determine the static
wetting behavior of a system liquid/solid. The smaller the contact angle, the better

is the wetting.

Vapor 1Y

Liquid
'YSL‘
Solid

Figure 3-1: A liquid drop on a solid substrate forming the contact angle 0 at the contact
point of the phases solid / liquid / vapor. At a thermodynamic equilibrium the interfacial
energies can be described by Young’s equation.

YSV

Y

Dynamic effects are often described in terms of a moving wetting line. This results
in changing contact angles depending on the wetting velocity. A full description of
the kinetics of dynamic wetting processes has been achieved till now. One
applicable concept is that described by Havkens, who introduced a spreading
coefficient [78]. This is a measure of the work done in destroying a unit area of the
surface of solid/liquid and liquid/vapor to form an area of solid/vapor surface and is
determined using the contact angle and the surface energy of the liquid/vapor
system ypy. The spreading coefficient S is especially important for processes which
need a spontaneous wetting, for which S is zero or positive. Negative S means a

limited spreading.
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Also adhesion can be described by the energy characteristics of e.g. a substrate and
the adhesive. Understanding adhesion is very important in many industrial
applications, e.g. medical applications or for any kind of adhesives. To describe
adhesion on a fundamental level different concepts have been created and include

interfacial concepts looking at intermolecular forces and chemical bonds.

3.2. The contact angle

The contact angle is a very useful value to describe the wetting ability of a liquid
on a solid surface. A drop put on a solid will either spread and form a thin film or
remain on it as a discrete drop. Angle 6 is formed between the planes tangent to the
solid and liquid surfaces at the 3-phase wetting line. For complete wetting the
contact angle becomes zero, contact angles of 90° and higher mean that there is no
wetting and the drop will roll of the solid surface if this is tilted. Mostly the contact
angle is accompanied by hysteresis due to the movement of the wetting line [77].
Those advancing angles 0, and receding angles Oy strongly depend on the prior
processing of the surface, which e.g. could have lead to a certain roughness of the
surface. The advancing contact angle is always bigger than the receding contact
angle and the static contact angle value can take any value between those limits

(Figure 3-2). This topic will be described more in detail later.
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advancing angle receding angle

Figure 3-2: Advancing and receding contact angles. Depending on the direction the wetting line
of the liquid moves different contact angles can be measured resulting e.g. from roughness of the
solid surface.

3.2.1. Thermodynamics — Young’s equation

A drop on a solid will take the shape that minimizes the free energy of the whole
system. In equilibrium three interfaces are formed, each with a certain free energy
per unit area ys;, ysv and ypv (see Figure 3-1). The sum of all three energies should

be a minimum at equilibrium. This leads to Young’s equation:

Ysv = Vs. + Vv "cos@ (3-1)

The contact angle results from the balance between cohesive force within the liquid

and the adhesive force between solid and liquid [77]:

cosf = v Vst (3-2)

Yiv
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3.2.2. Contact angle hysteresis

3221 Influence of surface roughness

The ideal case of a liquid wetting a solid is when the solid is uniform and
nondeformable. In this case only one contact angle appears. For real surfaces a
hysteresis of the contact angle can be measured, resulting in two angles: the
advancing 0, and the receding angle 0. Reasons for contact angle hysteresis can
be the penetration of the liquid into pores or surface roughness [79]. On a rough
surface the front and rear side of the drop form the same angle, where they meet the
solid surface (intrinsic angle 6,), but the macroscopic contact angles 0, and Oy
differ clearly. The influence of roughness on the contact angle was described by
Wenzel, who considered the true area A of a rough surface (including all
topographical phenomena) and of a projected area A’ (macroscopic visible area).

Wenzel defined a roughness factor 1:

r=2= (3-3)

which is > 1 and becomes larger with increasing surface roughness.

The macroscopic contact angle is related to the intrinsic angle by the roughness

factor r:

cosf =r1-cosf, (3-4)

In combination for Young’s equation one gets:
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(3-5)

cosh =71 (st - VSL>

Yiv

Two cases can be distinguished regarding the influence of roughness on the contact
angle:

1) cos B8 <0 (6> 90°) on a smooth surface: if the surface is roughened cos 0
becomes even more negative and 0 increases. In this case surface roughness
reduces wetting.

2) cos 6 > 0 (0 < 90°) on a smooth surface: cos 6 becomes more positive if
roughness is introduced and O decreases. This means that roughness

supports wetting.

3.2.2.2. Heterogeneity of the surface

Most of the real surfaces consist of areas owning different wetting behavior. The
wetting line of a drop put onto a heterogeneous surface mostly stops at the
boundary of the different islands and an advancing and receding contact angle is
formed. The high contact angle region is associated to the advancing and the low
contact angle region to the receding angle. For heterogeneity much smaller than the
liquid drop a composite angle can be defined. Cassie defined this angle as a

measure of the area fractions of the regions with different wetting behavior Q; and

Q2 [79]:
cosO = Q;-cosB; + Q,-cosH, (3-6)

where 0, is the maximum and 6, is the minimum contact angle.
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The higher the roughness or heterogeneity of the surface, the less contact angle
measurements can be correlated to the chemical condition of the surface. Anyway,
the calculation of the energy of such kind of surfaces is not worthless. Using the
model of Owens, Wendt, Rabel and Kaelble [80] the energy value still describes
the behavior of liquids to this surface. It should be kept in mind that this goes

beyond the limits of this model and the measured values are only empirical [75].

3.3. The role of surface energies in wetting
3.3.1. The origin of surface energies

For the liquid the origin of the surface energy can be described easily: the tension at
the surface of a liquid results from different energetic condition of molecules
within the phase and such directly located at the surface. The molecule at the
surface has less contact to others than a molecule within the liquid (Figure 3-3).
Due to this it cannot elaborate as much interaction as bulk molecules and this status

is energetically unfavorable [81].

Surface
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Figure 3-3: The origin of the surface energy of a liquid; Within the liquid all molecular
forces can be compensated, but at the surface the energetic situation of the molecule is less
favorable; due to this the system tries to keep the surface as small as possible to reduce its
energy.
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That is why the liquid tends to minimize its surface area and thereby tries to
minimize the surface energy. If the surface area shall become larger, molecules
have to be brought from an energetically favorable position within the liquid to this
less favorable one at the surface. The

energy necessary to achieve this can be comprehended as the surface energy. For
solids the principle of surface energy is the same as for liquids, but it is hardly
possible to directly determine the energy necessary to enlarge the surface area. This
due to the fact this energy is difficult to discriminate from deformation energies
within the bulk. The surface energy of the solid can only be measured indirectly by

determination of contact angles.

The value of the contact angle depends on the molecular interaction possible
between solid and liquid. The higher the interaction at the phase boundary, the
lower is the interfacial energy. If there is no interaction the contact angle 6

becomes 180° and Young’s equation changes to:

Vs = Ysv T Vv

For strong interaction the contact angle becomes zero and the liquid spreads
spontaneously on the surface solid surface. In this case Young’s equation changes

to:

Yv = Vsv — VsL

Young’s equation provides a precise thermodynamic definition of the contact
angle. Fowkes and Owens et al. extended the interpretation of the molecular
interactions occurring between the liquid and the solid phase [75, 80]. They

considered two different types of interactions, which add to the total value: a polar
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and a dispersive type. This also results in a polar and dispersive part of the total
surface energy of liquid and solid. Dispersive forces are present in all materials and
result from van der Waals forces. The polar energy contribution is due to induced
or permanent dipoles or hydrogen bonds. A prominent example for high polarity is
water due to its dipole character, which also results in a high surface energy of

around 72 mN/m.

To achieve a good wetting it must be energetically favorable for the whole system
to replace the vapor/solid interface by a liquid/solid interface. This means that a
reduction of the total surface energy must be achieved by forming the new
interface. This only possible if the liquid’s surface energy is comparable or lower
than that of the solid surface. The distinction between polar and dispersive energy
contribution introduces an additional requirement for low contact angles. Due to
the fact that only interactions between similar energy types are possible (polar/polar
and dispersive/dispersive), solid and liquid must have a comparable energetic
character regarding polar and dispersive energy contributions. A prominent
example where no comparable energetic characteristics occur is the wetting
behavior of water on a PTFE surface. PTFE has a very low surface energy of
around 20 mN/m with almost no polar energy contribution. In contrast to this water
is high energetic and has a strong polar energy part. Contact angles higher than
100° are formed by this system, which means that there is no wetting. The
difference in total surface energy between both media is too big and the formation
of a solid/liquid interface is not favorable. Due to this the contact area between
water and PTFE is minimized, which results in a very high contact angle.
Additionally the difference in dispersive/polar character between both materials is
very high, so the polar energy part of water cannot interact with the PTFE because
this does not own a polar energy contribution itself. Both factors lead to the

nonwetting of PTFE by water.



48 3.3 The role of surface energies in wetting

3.3.2. Model considerations concerning surface energies

Surface energy values of a solid determined by contact angle measurement are the
result of an interpretation of their behavior within the model used for the
calculation, but not a fixed physical value of the analyzed surface. They strongly
depend on measurement conditions like humidity and temperature and should only
be understood as an approximation of the surface condition in the moment of

measurement.

The models used for surface energy determination of a solid by contact angle
measurement have developed from rough estimations starting with the work of
Dupré in the 19" century [82] to more and more complex and accurate procedures
considering polarity or the acid-base-model of Lewis. This section will give a brief
introduction to the development of the models. A more detailed description can be
found in chapter 5. The surface energy of a liquid can be measured directly by
methods like pendant drop, ring or plate method (the experimental procedure is
described in chapter 5). On the contrary the energy value of a solid surface can only

be determined in an indirect way by measuring contact angles of test liquids on it.

The work of cohesion Wj; within a homogeneous liquid was described by Dupré as
the work done by separating the medium forming 2 new surfaces 2A. From the

surface energy ¢ W;; can be calculated:

Wii =20 (3_9)

If two different media are separated, the two newly formed surfaces have the
energies o; and oj, and the formerly existing interfacial energy v; disappears. The

work of adhesion can therefore be described as:
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Wij =01+ 0 —vij (3-10)

This interfacial energy was calculated by Antonow [83] from the difference of the

surface energies of the two different media o, and o5:

Y12 = |0y — 0y (3-11)

The method of Antonow later has been shown to be an approximation, which is not

accurate enough.
Further development of the calculation models has been done by Good and
Girifalco [75], who described the work of cohesion to be dependent of the

geometric mean of the energies which interact between the particles of the two

phases:

Wi, =2-®- /0,0, (3-12)
The combination of equation 3-10 and 3-12 finally lead to:
Yip=0,+0,—2-d- /0,0, (3-13)

where @ is a parameter depending on molecular quantities, which cannot be

determined empirically.

Today surface energy calculations of solids are done using known surface energy

values of test liquids. Fowkes was the first who applied this method [84]. He
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assumed that only interactions of the same type can appear between the phases and
assigned this to the parameter ®. This means that only interactions of the type

polar/polar and dispersive/dispersive can occur.

Yio=0,+0,—2 |6P 5P (3-14)

Owens, Wendt, Rabel and Kaelble [80] extended the method of Fowkes to polar
energy contributions, assuming that polar and dispersive energy parts add to the
total surface energy:

og=0P+o" (3-15)

which lead to the following equation:

ylz=al+02—2-<\/af-02[’+\/af-azp) (3-16)

Further development lead to the extended Fowkes method, which additionally

includes interactions caused by hydrogen bonds [85]:
oc=0P+oF +o" (3-17)

Equation 3-16 is thereby extended by an additional square root term:

y12=01+02—2-<J01D-02D+Jaf-azp+\/01”-af) (3-18)
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Oss and Good made another approach considering the acid-base model of Lewis to
describe the polar energy contribution [86]. The acid part ¢" and the base part ¢~

add to the polar fraction:

y12=JS+JL—2-(\/JSD-G,?+\/JS+-0[+\/JS_-J[) (3-19)

The model of Wu is an alternative to Oss and Good for low energy surfaces < 35
mN/m [87]. This method makes use of the harmonic mean for dispersive and polar

energy parts, which does not work for high energetic surfaces:

AL &L 4 520

=0,t0o,— 4"

iz =T % (O'lD +07 of +of
All described models can be used to calculate the interfacial energy of two phases,
and with the help of contact angle measurements the energetic character a solid

surface. The experimental application of the models is described in chapter 6.

3.4. Wetting concerns in wet chemical PERR for 32/22 nm technology

As features become smaller, effects like pattern and pore collapse or nonwetting of
very small structures are complicating wet chemical PERR. Especially for
structures beyond 100 nm those effects can cause feature destruction or prevent
residue removal. In this section pattern collapse and nonwetting of sub-100 nm

structures due to the surface energy of the cleaning liquid are discussed.
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3.4.1. Pattern collapse of low-k dielectric features

Pattern collapse is well known for resist structures in photolithography. The
features begin to topple over and can become deformed or stick together when a
high energetic liquid is driven out during drying. This effect will not be restricted to
resist patterns, but can also occur during wet cleaning of very small dielectric
features as recently reported [108-110] (Figure 3-4). Especially porous materials
are known to have low mechanical strength and can therefore easily be distorted or

destroyed due to pattern collapse effects [73, 88, 89]. This will especially be critical

for trench structures.

Figure 3-4: Collapse of ultra low-k dielectric trench structures after drying. This effect
well known for photoresist patterns can also occur for porous dielectric features as shown
by TSMC (Figure 3-4a) [108] and Hynix (Figure 3-4b) [110].

The contributors to pattern collapse are at least three forces: capillary forces acting
on the structures, adhesion between the features and the underlying film and the
mechanical properties of the structure material. In wet cleaning the capillary force
will be the main driver of pattern collapse, so this section will focus on this. When
the liquid remains between the trench walls, the largest force is acting on the
features. If the liquid level is lower than the feature height, a meniscus is formed

due to the surface energy of the liquid (Figure 3-5).
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Figure 3-5: The forces acting on the sidewalls of a small trench filled with a liquid result
from strong capillary forces directly depending on the surface energy of the liquid and can
cause pattern collapse. [88, 89].

Stress is built up on the trench walls, which directly depends on the surface energy

of the liquid (equation 3-21):

o (3-21)

_6°y-cosf (H)Z
h D w

The force produced by the surface energy of the liquid can also be described by the

pressure acting on the feature walls:

Y
== 3-22
P=x (3-22)
where R is the radius of curvature of the liquid meniscus.
R = b 3-23
" 2-cos@ (3-23)

with D describing the distance of the sidewalls.
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Finally the pressure acting on a sidewall can be determined by

_2-y-cosf

p (3-24)

In all cases a high surface energy of the cleaning liquid is responsible for larger
stress or pressure on the sidewalls, which can lead to the destruction of the features
(Figure 3-6).
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Figure 3-6: The pressure on a trench sidewall depending on the sidewall distance (a) and
the surface energy of the liquid filling the trench (b). With decreasing feature sizes the
pressure rapidly increases and can lead to a collapse of the structure; by decreasing the
liquid’s surface tension the pressure can be reduced.

3.4.2. Non-wetting of small structures

In the situation of a liquid penetrating into a structure, the liquid has to fully replace
the gas within the feature [90, 91]. Considering a rough surface, pinning of the
wetting line at edges can occur. This situation can be extended to also happen if the

topography is not a surface roughness, but small high aspect ratio features. The
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pinning of the wetting line then leads to an entrapment of air within the feature. For
interconnect structures this effect is especially critical for vias. The formation of a
gas cavity only occurs in structures of a certain depth. A critical aspect ratio can be
calculated, above which the gas is entrapped (Figure 3-7).

The contact line of the liquid penetrating into the feature can be approximated by a
straight line. For complete wetting this line gets in contact to the feature bottom
before contacting the opposite sidewall. If the line contacts the opposite sidewall

before the bottom, a gas cavity is formed.

Decreasing contact angles |

Cleaning liquid
0
Trapped
gas
>
>
Varying structure width
Figure 3-7: Nonwetting of small Figure 3-8: Model for a rough estimation of
structures; a gas cavity can form in the contact angles required for complete liquid
structure and surfaces to be cleaned filling of a small structure. For complete
cannot be reached by the solution; this filling the wetting line has to reach the bottom
effect is critical especially for via before contacting the opposite sidewall [90]

structures

In Figure 3-8 the borderline case is illustrated, where the wetting line is just able to
contact the bottom and the critical aspect ratio defined for this case is equivalent to
cot 0. Although this calculation is only a rough approximation, one can get an
impression of the contact angles necessary to avoid gas entrapment when structures

become smaller and the aspect ratio increases (Table 3-1). High aspect ratio
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features can therefore only be wetted if the contact angle at the sidewall is small
enough, which means that a decrease of the surface energy of the liquid is

necessary.

Table 3-1: Calculated contact angles necessary to completely fill a small via structure.
Although this is only a rough estimation, the values give a hint what to overcome in future
technology nodes (note that the contact angle of a water based cleaning solution on a
polymeric residue surface is about 60-70°)

Aspect ratio Contact angle
1 45°
2 26°
3 18°
4 14°
5 11°

3.5. Strategies to optimize the wetting behavior

To avoid pattern collapse or nonwetting of small structures, the wetting behavior of
the system solid/liquid has to be optimized. This can be done in different ways by
modification of the solid or the liquid. To increase the wettability of a low-energy
solid surface it can be treated with plasma processes or corona discharges to allow
the formation of polar species on the surface. This method is applied to improve the
wettability of PTFE surfaces [92], but looking at the sensible materials within the

interconnect system this treatment may be too aggressive and damaging.

By decreasing the surface energy of the liquid, the wetting of low-energetic
surfaces can be clearly improved. Surface energy decrease can be achieved by

adjusting the solvent system of the cleaning solution. For instance mixing water
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with a low energetic organic solvent will rapidly decrease the surface tension of the
system (Figure 3-9). But this method would be in contrast to the efforts of IC
industry to use wet cleaning solutions with low amounts of organic solvents.
Another approach can be the application of surface active agents, so called

surfactants, which also are able to decrease the surface energy of a liquid.
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Figure 3-9: Reduction of the surface energy of water by adding organic solvents like
acetone or Isopropanol. This approach of surface energy reduction stands in contrast to the
trend in microelectronic production to use water based cleaning solutions. (Source: Imeter
Ober- und Grenzflachenspannung, Beispiel Priifbericht Isopropanol-Wasser,
http://www.unimeter.net/Download/OFS-GFS/Isopropanol Wasser.pdf)

In photolithography surfactants are already in use to reduce pattern collapse of
resist structures [93], but there are only few studies dealing with surfactant
solutions applied on interconnect materials like porous low-k dielectrics or copper
[94, 95]. The following chapter will give a general introduction on the effects of

surfactants on the surface energy of a liquid.
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4.  Application of surfactants for liquid surface energy
decrease

4.1. General introduction

Surfactants are low molecular compounds with an amphiphilic character. They
consist of a hydrophilic or polar head group and a hydrophobic or nonpolar tail
(Figure 4-1 a) [96-98].

Due to this composition surfactants are surface active in several solvents, especially
in water. They adsorb on an interface in an aqueous media, no matter what kind of
phase builds up the interface to the water. By adsorbing the surfactants form a
monomolecular film at the interface, which can strongly influence the character of

the whole system. Based on this many applications of surfactants have developed:

e Reduction of the interfacial energy between water and an adjacent phase.
e Change of the wetting properties between water and solid surfaces.

e Formation of electrical double layers at interfaces.

By exceeding a characteristic concentration, surfactants are aggregating to large
molecular compounds called micelles (Figure 4-1 b and c). Between monomers and
micelles a thermodynamic equilibrium is established. Within micelles the
hydrophobic groups are aligned towards the center, away from the aqueous phase,
and the hydrophilic groups are in contact to the polar phase. Micelles can have
different sizes and appearances, which especially affect the rheological behavior of
the solution. For very high concentrations strong steric, electrostatic and van-der-
Waals interactions occur between the agglomerates. This results in the formation of
a short-range and long-range order, which can lead to the appearance of liquid

crystal phases (Figure 4-2).
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Figure 4-1: Basic construction of surfactant molecules and micelles. a) simple surfactant
molecule consisting of hydrophilic head and hydrophobic tail. b) surfactants adsorb at the
interface of a polar and nonpolar medium until all available places are captured. At this
point described by the critical micelle concentration (cmc) the molecules form
conglomerates within the polar phase [111]. ¢) Within those micelles the hydrophobic tails
of the molecules are aligned towards the center and the hydrophilic groups are aligned
towards the polar phase.
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Hexagonally Palisade,
| packed rods layer structure

Figure 4-2: Micellar conglomerates are able to form a variety of 3-D structures. With
increasing surfactant concentration the conglomerates become more complex from a
simple sphere to rods, packed rods or layer structures [112].
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4.2. Classification of surfactants by the hydrophilic group
4.2.1. Ionic surfactants

This type of surfactant’s hydrophilic group is able to dissociate into ions in a polar
solvent. An ionic group stays at the hydrophobic part of the molecule (surfactant
ion) while the other ion, called counter ion, leaves the compound. The surfactant
ion keeps the surfactant’s characteristics. Counter ions can be of any kind reversely
charged. Depending on the charge of the surfactant ion anionic and cationic

surfactants can be distinguished.

4.2.2. Amphoteric surfactants

In the contrary to ionic surfactants amphoterics contain a cation and an anion
covalently bonded to each other, so they are not able to dissociate. Not necessarily
the ions have to be directly connected to each other, but can contain spacer groups.
In macroscopic view amphoterics are not charged, but charge can be built up by
adding cations, especially protons, which bond to the anionic molecule part and
thereby become cationic surfactants. The same can be done by adding hydroxyl
ions which bond to the cationic part and form anionic surfactants. Examples for this

class of surfactants are amino acid surfactants and betaines.

4.2.3. Nonionic surfactants

The hydrophilic group of a nonionic surfactant is not able to dissociate into ions.
Anyway the hydrophilic group has a polar character to ensure water solubility of
the surfactant molecule. Those polar groups can be hydroxyl-, amino-, carboxyl-,

ether- or amidic groups. By containing only one of those polar groups the water
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Table 4-1: Surfactants classified by type of polar head group, typical examples and

applications.
Anionic Cationic Nonionic Amphoteric
R-SO; " sulfonates RuN" quaternary R-0-(CH,-CH;-0)- R;N"-COO-
o R-O-SO5  sulfates ammonium H ethoxylates Betaines and
2 | R-COO- compounds HO-(CH,-CH»-O)- | Ampholytes
EJJ carboxylates R4P" quaternary H polyethylene
g phosphonium glycols
'é com+poun'ds
s R3S tertiary
= sulfonium
compounds
z | Natrium dodecyl N-cetyl-N-N-N- Polysorbates Coconut fatty acid
"2 | benzolsufonate trimethyl (Tween) amidopropyl
g Coconut fatty ammonium Alkyl phenyl betaines
i.c: alcohol umbromid (CTAB) | ethoxylates (Triton)
i polyglycolether
& | carboxylates
Universally applied | Antistatic (softeners | Universally applied | Wetting agent,
o | indetergent, rinsing | and conditioners), as detergent, foaming agent,
£ | and cleaning corrosion inhibitors, | wetting agent, emulsifier,
E solutions, flotation agent degreasing agents, shampoos
2 | shampoos, wetting emulsifiers,
< agent, personal care shampoos, personal
products care
Textile industry, Textile industry, Textile industry, Cosmetics

Industry

metalworking
industry, paper
industry and
Cosmetics

pharma industry

metalworking
industry, food
industry, paper
industry, cosmetics

solubility of the molecule is too low in most cases. To be surface active the

molecule therefore has to contain more than one hydrophilic group. Typical

surfactants of this type are polyglycolic ether surfactants, polyalcoholic surfactants

and sorbitans. Table 4-1 shows typical fields of surfactant applications.
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4.3. Classification of the surfactants by the hydrophobic group
4.3.1. Hydrocarbon surfactants

The hydrophobic group of those surfactants is in general a hydrocarbon chain,
which is connected to the hydrophilic group. Different structures are possible: n-
alkyl, branched alkyl and aromatic alkyl surfactants. N-alkyl surfactants contain an
unbranched alkylic group and the hydrophilic group is placed at the end of the
chain. The alkylic group can contain 6 — 22 carbon atoms. In Gemini surfactants,
which are branched molecules with two hydrophobic chains, the hydrophilic groups
are situated more in the center of the molecule. Multichained surfactants can show

very complex branched molecular structures.

4.3.2. Perfluorinated surfactants

Perfluorinated surfactants in principle have the same structure as common
hydrocarbon surfactants with the difference that all hydrogen atoms are replaced by
fluorine atoms. For practical application especially n-perfluoralkyl surfactants are
important due to their temperature stability and compatibility to aggressive media.
The main drawback of those surfactants is that they are not biodegradable. Unstable
perfluorinated surfactants can be modified by adding CH,-spacer groups to increase

stability. Perfluorinated surfactants can be ionic, amphoteric or nonionic.
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4.3.3. Silicon containing surfactants

The basic structure of those kinds of surfactants contains siloxanes —Si-O-, where
hydrophobic methyl groups are bonded to the silicon atom. Monofunctional
trimethylsiloxane groups (CH;);-Si-O (signed M) are situated at the end of the
siloxane chains, bifunctional dimethylsiloxanes (signed D) are the nonterminating
chain groups. Hydrophilic groups (ionic, amphoteric or nonionic) are bonded
directly or by CH; spacer groups to the M or D groups. The shortest kinds of
silicon containing surfactants have the structure M-D-M and do contain only one
hydrophilic group. Besides this also polymeric Si-surfactants are applied, which
have the structure M-Ds-M, with x > 3. They mostly contain more than one
hydrophilic group to increase water solubility. Silicon containing surfactants are
highly stable at increased temperature. Their biggest drawback is that they are

sensible to hydrolysis and are very fast destroyed in aqueous media.

4.3.4. Block-copolymers

Block-copolymeric surfactants are built up by molecular blocks with hydrophilic or
hydrophobic character. Two types of block-copolymers, which are surface active,
have been found. Tri-block-copolymers containing a central hydrophobic
polyoxypropylen block (POP) with a hydrophilic polyoxyethylen block (POE) at
each side and 2-alkyl-oxazilone based surfactants which depending on the length of
the alkylic chain are built up by hydrophilic blocks A and by hydrophobic blocks
B. Block-copolymers are nonionic surfactants, which can be solid, crystalline or

liquid, depending on the content of hydrophobic blocks.
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4.4. Surfactants in aqueous media

4.4.1. Solubility of surfactants

Water molecules have a strong dipole moment due to their bended structure, which
means that water is highly polar and strong cohesive forces are acting between the
molecules. Hydrogen bonds are additionally enhancing this character. All together
this leads to the high surface energy of water of around 72 mN/m. To form a gap
within water is therefore only possible by investing a lot of energy to overcome the
cohesive forces. Nevertheless water is a very good solvent for other polar media,
because the adhesion of polar molecules to water overcompensates the necessary

energy.

The situation is different for nonpolar molecules, e.g. hydrocarbons. Energetic
benefit is very low by adhesion of those molecules on water and energy necessary
to form a gap cannot be compensated. Additionally water is highly regular
structured at the phase boundary to hydrocarbons like to any other phases to where
only weak interactions are possible. If a hydrocarbon is dispersed in water, the
water molecules tend to reorganize to get an energy benefit and the hydrocarbon
molecules are pushed away to form a hydrocarbon phase within the water. The
solubility of surfactants in water depends on the length of the hydrophobic chain.
For short chains only small gaps within the water have to be formed, while energy
expense for long chain surfactants becomes very high. This means that with

increasing chain length the solubility of the surfactant in water decreases.

For surfactant molecules solvated in water the situation is as follows: due to the
strong adhesion of the water molecules connected with the energeticall benefit a
solvation of a short chain surfactant is possible. The hydrophobic part is forced into

the polar phase and the hydrophilic part prohibits the formation of a hydrocarbon
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phase within the water. But after all, the system contains a lot of high energetic
interfaces between water molecules and the hydrocarbon surfactant chains. As a
result the system tries to minimize the contact area of water to the hydrophobic
surfactant part and to maximize the contact to the hydrophilic head groups. There
are two ways to achieve this. The surfactant molecules get shifted to the phase
boundary with their hydrophobic chain towards the surrounding nonpolar phase
and the hydrophilic groups in contact to water. This effect is described as
adsorption of surfactant molecules at a phase boundary. The surrounding phase can

be air, but also any other kind of inmiscible nonpolar liquid or solid phase.

Due to the contact of the polar headgroups to water, the adsorbed film is
monomolecular. An equilibrium between adsorbed surfactants and water is built up
and an increasing of the surfactant concentration results in an increased amount of
molecules adsorbed at the phase boundary. At the saturation point the interface is
fully occupied by surfactant molecules. The second way to minimize contact
between water and hydrophobic chains is a reversible agglomeration of surfactant
molecules within the water phase. The hydrophobic chains are aligned away from
the polar phase, the hydrophilic parts align towards water. This effect is called

micellation.

Micelle formation starts if a critical surfactant concentration is reached, the critical
micelle concentration cmc. By diluting the solution the micelles dissolve. The
surface activity of surfactants and their adsorption at a highly energetic interface,
e.g. water/air, partly compensates the energetically unfavorable situation. Water
molecules are in contact with polar surfactant parts and the nonpolar medium is in
contact to the hydrophobic part of the surfactant. The aqueous phase is no longer
forced to minimize its surface as much as before, which means that the surface

energy decreases.
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4.4.2.

Surface activity at liquid/vapor interface

The easiest case to describe the phases of concentration depending surface activity

of an amphiphilic molecule is that of water insoluble surfactants. This section

describes the way surfactants align and interact if their concentration is increased

from step to step (Figure 4-3).

1y

2)

3)

4)

5)

The spreading molecules have a large distance to each other. They lay on the
liquid surface and show no interaction to each other [Figure 4-3a].

More molecules adsorb and they begin to interact with each other [Figure 4-
3b].

The interface gets more and more occupied by the surfactant molecules.
Most of them are still laying on the surface, but the first start to set upright
and their hydrophobic chains stick out of the liquid towards the surrounding
phase. Finally all hydrophobic chains stand upright, but the hydrophilic

groups are statistically distributed at the surface [Figure 4-3c].

The hydrophobic chains stand upright and the hydrophilic groups have
organized to form a two dimensional crystal like lattice. The space occupied
by each surfactant molecule is equivalent to the cross section of the
hydrophobic groups and the molecular film is incompressible [Figure 4-3d].

By further increasing the concentration of the surfactant at the interface the
film collapses. The hydrophilic groups get partly lifted off the liquid, sliding
onto the hydrophobic species remaining at the interface and a multilayered

structure forms [Figure 4-3e].

In the case of water soluble surfactants the regime is mostly the same, but a film

collapse is improbable. If the interface is completely occupied, the surplus
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surfactant molecules move into the liquid. This means that for water soluble
surfactants not only a surface concentration, but also a certain surfactant

concentration within the liquid exists.
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Figure 4-3: Surfactant molecules adsorbed at a polar / nonpolar interface. At low
concentrations the molecules have a large distance to each other (a). With increasing
concentration the molecules begin to interact (b) and a short range and long range order
appears (c, d), until the film finally collapses (e) [98].

For surfactant application two values are important: the maximum decrease in
surface energy and the quantitative surface activity of the species. The lowest
reachable surface energy depends on the cohesive forces between the hydrophobic
groups at the surface and is limited by the amount of surfactant molecules able to
adsorb at the interface without going into film collapse. This means that the
minimum surface energy is equal for surfactants which have the same type of
hydrophobic chain. Hydrocarbon-based surfactants are able to decrease the surface
energy of water to about 30 mN/m. The hydrophilic group has only a low influence
on the lowest reachable surface energy, but nonionic surfactants were found to

decrease the surface energy more than ionic species. The structure of the
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hydrophobic chain strongly influences the surface energy value. Block-copolymers
of the poly (oxyethylene) - poly (oxypropylene) - poly (oxyethylene) (POE-POP-
POE) type can reach the same values as other hydrocarbon based surfactants,
because the hydrophobic chains are comparable. Silicon containing and
perfluorinated surfactants reach the lowest surface energies of 25 mN/m and 20-25

mN/m, respectively.

4.4.3. Interfaces between liquids and solids

Surfactant adsorption at solid surfaces in principle works like described for
liquid/vapor, but can show some special issues. Solid surfaces normally are not
homogeneous, but can have pores, edges or unsaturated bonding states.
Additionally solid surfaces can be charged, which strongly influences the
adsorption behavior of a surfactant. This means that the hydrophobic effect may be
not the only reason for a surfactant molecule to adsorb at the interface. At
hydrophobic surfaces the surfactant will turn its hydrophobic chain towards this
surface, where van-der-Waals forces between both occur. The hydrophilic groups
are aligned towards the polar liquid and the solid surface becomes hydrophilic. On
a hydrophilic surface the situation is the other way round: the solid surface
becomes hydrophobic. For higher surfactant concentrations a second molecular

layer can form, returning the solid surface to a hydrophilic character.
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4.5. Surfactants in nonaqueous media

4.5.1. Surfactants in polar solvents

The formation of micelles is only possible here, if the solvent is as strongly polar as
water. In solvents like alcohols, ethers or amines with very low surface energy no
adsorption of surfactants at interfaces occurs. For high energetic solvents like
glycerin or formamid micelle formation follows the same mechanisms as observed

in water.

4.5.2. Surfactants in nonpolar solvents

Many surfactants are also soluble in nonpolar solvents. Here the situation for the
polar headgroup is comparable to that of the hydrophobic group in water: the
nonpolar solvent tries to have little contact to them, which can result in the
formation of inversed micelles. The hydrophilic head aligns to the center of the
micelle and the hydrophobic chain is turned towards the solvent (Figure 4-4). A
formation of inversed micelles has been proved for all kinds of nonpolar
hydrocarbon-based solvents. One special effect of inversed micellation is their
ability to trap water. Most solvents contain traces of water. The hydrophilic head
groups of the surfactant molecules get strongly bonded to the water and the
inversed micelle forms around the water. For some solvents the presence of water

was found to be necessary to form inversed micelles.
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Figure 4-4. Structure of an inversed micelle. In nonpolar media the hydrophobic tails of
the surfactant molecules align towards the nonpolar phase and the head groups to the
micelle’s center. If water remnants are present they can be trapped inside the inversed
micelle.

4.6. Dynamic behavior of surfactant molecules — diffusion and
adsorption

The surface of a liquid is not a distinct separation line, but a thin layer, only few
molecules thick. Inside this layer the solution’s properties are not homogeneous.
They depend on the height position inside the layer. With lower distance to the
phase boundary the surfactant concentration increases. To describe the processes at
the surface mathematically an interface boundary with no height was defined by
Gibbs (Figure 4-5). By placing this line at the level of highest surfactant
concentration, the inhomogeneous region below the line can be described as a
subsurface and allows a differentiation of diffusion and adsorption. The diffusion
describes the movement of the molecules from the bulk solution to the subsurface
and the adsorption describes the movement from the subsurface to the surface. Both
processes occur with different rates and strongly influence the total rate of the
decrease in surface energy. The rate of surface energy lowering can be more

influenced by diffusion or adsorption, which depends on the surface age, surfactant
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concentration, solvent characteristics and type of surfactant. The slower process of

both dominates the total rate in surface energy reduction by surfactants.

Phase 1 Phase 1

Dividing surface Surface phase

Phase 2 Phase 2

Ideal system Real system

Figure 4-5: Surface model of Gibbs. While in the ideal system the dividing surface of
two phases is a single line, a real system can be described by a surface phase of a certain
thickness.

4.7. Surfactants in PERR

Only few studies have been published which are dealing with the application of
surfactants to wet chemical cleaning solutions. Le et al. studied the effects of
nonionic surfactants out of the Triton series provided by Dow Chemicals in a
diluted HF solution applied to porous dielectrics. It was found that the surfactant
diffused into the porous structure of the low-k material [94]. Using an alcohol for
rinsing the surfactant could be removed. Keagy et al. applied a hydrocarbon-based
surfactant as an emulsifier in supercritical CO,-PERR processing to keep the

system water/CO, stable [95].
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In this work a broad range of surfactants, including nonionic, anionic,
perfluorinated, silicon containing and block-copolymers are going to be evaluated
regarding their applicability to low-k dielectrics, metals and barrier materials.

The selected surfactants will be combined with SAC or water based wet PERR

solutions. The description of the surfactants selected can be found in chapter 7.
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5.  Analytical methods

5.1. Determination of surface energies and wetting behavior
5.1.1. The surface energy of the solid

All methods described in this section are based on contact angle measurements of

testing liquids with a known energetic character on the substrate studied.

5.1.1.1. The method of Zisman

The Zisman method uses critical surface energies of liquids to determine the energy
characteristics of a solid surface. This formerly widely used calculation based on
the method of Antonow, which has been revised. Due to this the Zisman method is

not in use anymore and will not be discussed further in this work [99].

5.1.1.2. Equation of state

The efforts to determine the surface energy of a solid by a single contact angle
measurement using a liquid with known surface energy led to the development of
the equation of state method [75, 100]. Starting with Young’s equation a relation
between the surface energy of a liquid and the interfacial energy of the liquid-solid
system was found by empirical methods. The influences of polar and dispersive
interactions are not taken into account by this method. So the equation of state is

only suitable for systems where only dispersive contributions are present.
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5.1.1.3. The method of Fowkes

Fowkes was the first who determined the dispersive and polar energy contributions
of a solid surface [75, 101]. The dispersive fraction of the solid is determined by
contact angle measurement with at least one purely dispersive liquid. Fowkes

combined Young’s equation with the term for dispersive interactions and got:

—9. f . 1 —
cos@ =2+ |og 1 (5-1)
o

Based on the equation of a straight line

y=m-x+b (5-2)

cos 0 is plotted versus \/% and the dispersive energy contribution can be calculated
D
3

from the slope of the linem = 2 - \/a?.

5.1.14. The method of Owens, Wendt, Rabel and Kaelble (OWRK)

The method of Fowkes and OWRK are comparable with the difference that Fowkes
needed two calculation steps to determine dispersive and polar energy contributions
of the solid surface. Owens et al. stated that the surface energy of each phase can be
split up into a polar and a dispersive part [80]. They used the Fowkes method and
were able to determine polar and dispersive energy contributions in one step using
the contact angle values of two known testing liquids. The equation of the
interactions of solid and liquid was transposed by application of the term for a

straight line. Finally they got:
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Y and x are plotted and the dispersive part of the surface energy can be obtained
from the intercept b and the polar part from the slope of the line (Figure 5-1). The

OWRK method has been used to calculate the surface energies of solid surfaces in

this work.

Kaelble-Plot

(1+cos8) oy
2\/o;

P

\JUIP/ af

d
m=.ys’ | |b=4/7g

Figure 5-1: Kaelble plot as a result of contact angle measurements to determine the
surface energy of a solid. By linear regression of the contact angle values a straight line
can be found. The slope of this line gives the polar and the intercept gives the dispersive
energy part of the studied solid surface. (Source: Kruss DSA-100 user manual,

http://www kruss.de)
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5.1.2. The surface energy of the liquid

5.1.2.1. The ring method

The ring method is one of the oldest to determine surface energies of liquids and
mostly the values found in tables have been calculated using this method [102]. A
ring is brought in contact with the surface of the liquid, lifted up so a liquid lamella
forms and the force applied just in the moment before the lamella is destroyed is
measured (Figure 5-2 a). Additionally the length of the lamella L, the weight force
of the lifted liquid and the contact angle at the ring are needed to determine the

liquid’s surface energy:

Fmax_FV
=-max 7 5-4
g L-cos@ (-4

At the force maximum the contact angle become zero, so cos 6 = 1.
Correction calculations are necessary to patch inaccuracies, e.g. different maximum
forces are measured for the lamella at the inner and outer side of the ring. The

correction factors can be found in tables, drawn by Harkine and Jordan.
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‘IF = Force, mN/m

Plate made of roughened Pt

_ L =\etted Length, mm

Wetted length Liquid

6 = contact angle

@ = 0° for most liquids
against platinum

Figure 5-2: Ring method (a) and plate method (b) to determine the total surface energy of
a liquid. In both methods the force needed to pull the ring / plate out of the studied liquid,
the wetted length of the liquid lamella formed and the contact angle are used for
calculation. (Source: KRUSS Newsletter archive, issue 06/2004, application, online
edition: http://www kruss.de/en/newsletter/newsletter-archives/2004/issue-
06/application/application-01.html)

5.1.2.2. The plate method

A plate made of roughened platinum is dipped into the liquid and lifted [103]. The
contact angle of the liquid wetting the plate and the according force necessary to
lift the plate are measured (Figure 5-2 b). By determining the wetted length the

surface energy of the liquid can be calculated:

F

=— 5-5
? L-cos@ (5-3)

Due to the fact that the wetting of roughened platinum is nearly perfect, the contact

angle mostly becomes zero and cos 6 = 1 can be applied.
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5.1.2.3. The pendant drop method

A drop of the investigated liquid is formed at a dosing needle with a relatively large
diameter. According to Laplace the pressure difference between the inner and outer
side of the drop is in inverse proportion to the main radii of curvature of the
interfacial segments of the drop (Figure 5-3). By iterative calculation of the force
equilibrium of the surface energy holding the drop together and the weight force
the surface energy of the liquid can be calculated by drop shape analysis [104]. The
digital picture analysis determines the shape of the drop and by including the scale
of magnification on the screen and the density of the liquid its surface energy is
calculated. The drop neck can be excluded from the picture analysis to minimize
inaccuracies. All total surface energy values of liquids in this work have been

determined by using the pendant drop method.

P+ AP

AP
Ur, + 1n,

Figure 5-3: The pendant drop method is a simple and accurate method to determine the
surface energy of a liquid by a software aided drop shape analysis. The only value
necessary to be known is the density of the studied liquid. (Source: Oberfldchenspannung
von Flissigkeiten — Eine Einfithrung, KRUSS GmbH, DSA-100 Manual Attachment
(2003))
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5.1.24. Polar and dispersive energy contributions of the liquid

The methods described before provides the total value of the liquids surface energy
only. To determine the polar and dispersive surface energy part of the liquid an
additional contact angle measurement is necessary [38]. Starting from the equation
of the OWRK method at first the dispersive energy contribution is determined. The

equation is modified and one gets:

o, (cos@ +1
\/O’E'O’f+\/0’f'0§=¥ (5-6)

oy, is known from the pendant drop method and o, " is the value that is going to be
calculated, but the equation has too much unknown variables. This problem can be
overcome be using a solid surface whose energy character is known and which is
nearly completely dispersive. Such a solid can be PTFE, which does not have polar
energy contributions. By using the OWRK method the surface energy of PTFE is
determined, usually varying between 20-25 mN/m with less than 1% polar energy
part, which can be neglected. The surface energy of PTFE is equal to os® within the
equation and because there is no polar energy contribution the term containing og
becomes zero. The only unknown value left is 0, which can be determined by
contact angle measurement of the studied liquid on PTFE. Finally the dispersive

energy contribution of the liquid can be obtained from:

o, (cos @ + 1)2
4-0p

D

g, = (5'7)

and the polar energy contribution is afterwards calculated by

of =0, —of (5-8)
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5.2. Experimental setup

Contact angle measurements and the determination of the total surface energy of
the liquids have been done using the Kruss DSA 100 contact angle measurement
system. It is equipped with a semi-automatic dosing unit, a high speed CCD camera
system and a freely adjustable x-y-z-table. The software “Drop shape analysis”
allows contact angle measurement using different modes. For the contact angle
measurement in this work the sessile drop mode was used. The testing liquid used
for the calculation of the energetic character of the solid surfaces can be found in
Table 5-1. They were chosen to cover a broad range of energetic characters. For the
contact angle measurements five drops with a constant volume of 4 pL have been
dosed and the mean value has been used as result. The total surface energy of the
liquid was determined by the pendant drop method using a rather large dosing
needle with an inner diameter of 1.83 mm. A PTFE plate has been used for the
contact angle measurements to determine polar and dispersive energy contribution
of the liquid. Each time the energetic character of the PTFE plate was determined
by the OWRK method before the experiments. The technical parameters like

resolution and measurement failures of the Kruss DSA 100 are listed below.

Kruss DSA 100:
e Range of contact angle measurement: 0 — 180°, + 0.1° accuracy
e Range of surface energies (liquid): 1E-2 — 1000 mN/m, 0.01 mN/m
resolution
e Measurement failure for sessile drop: 6 < 15°:2°; 6 > 15°: 1°

e Measurement failure for pendant drop: + 3 mN/m
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Table 5-1: Energetic character of the testing liquids used for surface energy calculation of
solid samples by contact angle measurement. The values are taken from the material
database of the KRUSS DSA 100 system.

Testing liquid Dispersive [mN/m] | Polar [mN/m] | Total [mN/m]
1-octanol 26.2 1.4 27.6
Ethylene glycol 29.0 18.7 47.7
Water 21.8 51.0 72.8

5.3. Dynamic surface energy of surfactant solutions

For dynamic processes, where new interfaces between liquid and the surrounding
medium are formed and destroyed quickly, the dynamic behavior, especially the
adsorption speed of a surfactant molecule to this interface is important. To reduce
the surface energy of the cleaning liquid the surfactant molecules have to be present
at the interface. This reduction in surface energy is not achieved instantly, but takes
some time depending on the ability of the surfactant to diffuse to and adsorb at the
interface. The dynamic behavior of a surfactant solution can be determined by the
method of maximum bubble pressure [105]. The basic principle of this method is

shown in Figure 5-4.

A PTFE capillary with a known radius is inserted into the liquid and gas bubbles
are pressed into the liquid at an exactly defined frequency. The pressure needed to
press the bubble into the liquid passes through a maximum value, which is
recorded. When the bubble is pressed into the liquid the pressure is initially below
the maximum pressure. In the moment the radii of the bubble and the capillary are
the same, the maximum pressure is reached. The bubble forms an exact hemisphere
and the following relationship between the maximum pressure Pmax, the
hydrostatic pressure PO inside the capillary, the surface energy o and the inner

radius r exists:
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o= (Brax — Po) "1 (5-9)

After the maximum pressure point the “dead time” of the measurement starts, the
bubble becomes larger and the pressure decreases. Finally the bubble detaches and

the cycle starts again.

minimum maximum burst
pressure pressure bubble

\ \ air l
h
> [ > Ty
pit) / .
(iAo

surface tension:
6 = K (PP

[ Sk i b ’

tie

Fieod

Figure 5-4: By the maximum bubble pressure method the dynamic behavior of a
surfactant solution. Especially the adsorption speed of the molecules to a newly formed
interface can be determined. The maximum bubble pressure is reached in the moment the
bubble’s diameter is the same as that the capillary. This value is used to calculate the
dynamic surface energy of the solution at a certain surface age. (Source: SITA process
solutions, http://www.sita-process.com/theory/basics-about-sita-process-solutions/process-
parameter-surface-tension/))

Dynamic surface energy measurements of surfactant solutions have been performed
using the Kruss PocketDyne, a mobile tensiometer applying the method of
maximum bubble pressure. The tensiometer is calibrated before each measurement

series to the surface energy of water at the actual liquid temperature. Surface ages
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of 20 — 1000 ms in 11 steps have been used to determine the dynamics of a certain
surfactant. To stabilize the calculated surface energy value the actual bubble

frequency was kept for at least 20 seconds to get an accuracy of + 2 mN/m.

5.4. Analytics for material compatibility
5.4.1. Spectral ellipsometry

Film thickness and refractive index of the low-k dielectric samples have been
determined by spectral ellipsometry using the Sentech SE 850. This ellipsometer is
able to work in a spectral range of 190 — 2550 nm at incident angles of 40 — 90°.
For the low-k samples a spectral range of 350 — 830 nm was used. The fitting of the
measured spectra was done using a simple film stack consisting of silicon / SiO, /
air. The parameters of the SiO, layer were modified to fit a low-k material.
Therefore its refractive index was reduced to approximately 1.35 as a starting
parameter for the fitting using a Cauchy model. At least five measurements have
been done per sample at different positions and at an incident angle of 70°. The
mean square error (MSE) for dense dielectric samples was 0.5 — 1.5 and for porous

samples 1.5 —5.0.

5.4.2. CV — measurement

Permittivity and leakage current density of dielectric samples have been determined
by a mercury probe measurement using the SSM 490i system. At least 5
measurements have been done per sample. Leakage currents can be determined

directly. The k-value has to be calculated from a measured capacitance of the
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Si/low-k/Hg stack at a frequency of 100 kHz. By applying equation 5-10 the

relative dielectric number g, can be determined.

A
C=¢&"&e" E (5-10)

The area A of the mercury probe is determined before each measurement series. To
accurately calculate the k-value the thickness of the dielectric layer has to be
determined before. Therefore the test points of the ellipsometric measurement were
adjusted to the point of the CV measurement. The mean variation of the leakage
current values can be up to 12%, for the k-value the mean variation usually is not

higher than 3%.

5.4.3. FTIR

The structural properties of dense and porous low-k samples have been determined
by Fourier Transform Infrared Spectroscopy (FTIR) using the Bruker IFS 66 and
Bruker Tensor 27 spectrometers in mid infrared spectral range (MIR). The sample
chamber was rinsed with dried air (IFS 66) or nitrogen (Tensor 27) for 10 minutes
before the scanning. A blanket silicon substrate was used for background
measurement, whose spectrum gets substracted from the spectra taken of the
Si/low-k stack. For interpretation the transmission spectra were converted into
adsorption mode with a correction of the baseline. Figure 5-5 shows a typical FTIR

spectrum of a porous CVD SiCOH dielectric.

The spectrum can be divided into the fingerprint section from approximately 500 —
2000 cm™ which indentifies the material and the section of the functional groups up
to 4000 cm™. In Table 5-2 the most important peaks to characterize a low-k

dielectric are listed [106].
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Table 5-2: Wavenumber regions describing the typical structure of SiCOH materials and
the most probable origin of the vibration modes. The colored regions can also be seen in

Figure 5-5.

Wavenumber [cm'l]

Vibration mode

Origin / Comments

440 Si— O — Si vibration Network and ring opening
vibrations
780 Stretching Si— C SiMe;
800 Stretching Si — C SiMe,
848 Bending H — Si — O, stretching | SiMe;
Si—C
890 Bending H-Si— O H - SiO;
1055 Stretching (asym.) Si— O — Si Network Si-O-Si angle ~ 144°
1135 Stretching (asym.) Si— O — Si Cage Si-O-Si angle ~ 150°
1275 Bending (symm.) C — H3 SiMey
2880 Stretching (symm.) C — H, CH;
2927 Stretching (asym.) C — H, CH,
2971 Stretching (asym.) C — Hj CH3

All wavenumbers listed above have to be conceived as possible ranges of

assignment of a peak to a special molecular structure. Each difference in the

dielectric structure, e.g. caused by fluctuations of the deposition or curing process

can affect minor shifting of peaks.
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Figure 5-5: FTIR spectrum of a porous CVD-SiCOH dielectric in pristine condition.

5.4.4. Sheet resistance

The sheet resistance of metallic and barrier materials has been determined by 4-

point-probe measurements using the Tencor Omnimap RS 50 system. Sheet

resistance data have been recorded at 49 or 81 points at the center of the sample

and distributed over two radii. The standard deviation of the Rs values normally is

not higher than 5%.



6. Experimental determination of surface energies and
wetting behavior

6.1. Sample and process description

This chapter describes all solid samples and processes which have been used to
determine and influence surface energies, wetting behavior and material
compatibility. The samples were provided and processed by industrial partners
(GLOBALFOUNDRIES, Air Products and Chemicals Inc.). Especially the etching
processes introduced in this chapter are only described basically due to the fact that
further processing parameters are protected by an NDA. In all cases the substrates

have been cut into 10x10 cm or 4x4 cm samples.

6.1.1. Description of the solid samples
6.1.1.1. Low-k and ultra low-k materials

In this work 4 different CVD SiCOH low-k and ultra low-k materials of 500 nm
film thickness have been studied, of which 2 are porous and 2 are dense dielectrics.
The dielectrics have been produced by PECVD using a precursor containing the
silicon source and organic species, which in case of the samples provided by Air
Products was DEMS, followed by an UV curing process. For the porous samples a
porogen like alpha-terpinene has been added to the deposition process. The

properties of the dielectrics are listed in the following Table 6-1.
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6.1 Sample and process description

Table 6-1: Low-k and ultra low-k dielectrics studied in this work.

Material k-value

Substrate diameter

Referred to as

Porous CVD SiCOH dielectric, 2.5
provided by Global Foundries

Inc.

300 mm

low-k 1

Porous CVD p-DEMS dielectric, | 2.2
provided by Air Products and

Chemicals Inc.

200 mm

low-k 2

Dense CVD SiCOH dielectric, 3.0
provided by Global Foundries

Inc.

300 mm

low-k 3

Dense CVD SiCOH dielectric, 32
fabricated at Fraunhofer ENAS

150 mm

low-k 4

6.1.1.2. Metals and barrier materials

For compatibility studies and wetting tests Copper, CoWP and diffusion barrier

Materials have been investigated. The sample properties can be found in Table 6-2.

Table 6-2: Metallic and barrier materials studied in this work.

Material Film Substrate Referred to as
thickness | diameter

Electroplated Copper, provided by 1000 nm 300 mm Cul

GLOBALFOUNDRIES Inc.

Electroplated Copper, fabricated at 1000 nm 150 mm Cu2

Fraunhofer ENAS

CoWP on electroplated Copper, provided 15 nm 300 mm CoWP

by GLOBALFOUNDRIES Inc.

Sputtered TiN, fabricated at TU Chemnitz / | 40 nm 150 mm TiN

ZtM

Sputtered TaN, fabricated at TU Chemnitz | 40 nm 150 mm TaN

/ ZtM
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6.1.1.3. Other solid samples

For additional studies on surface energy and wetting behavior an OMCTS
hardmask layer and a low-k 1 sample treated by a CMP process using Acuplane
slurry have been investigated. Both types of samples have been provided by Global
Foundries Inc. on 300 mm Si substrates. The samples will be referred to as

OMCTSHM and CMP.

6.1.2. Description of plasma processes

This section describes the different plasma processes applied to the low-k samples
listed above to determine their influence on the energetic character of the low-k
surfaces and therefore on their ability to be wetted by cleaning solutions. The
processes are divided into etching processes, stripping processes and processes
expected to have a polymerizing character and therefore will produce a kind of

polymeric model residue on the low-k surface.

6.1.2.1. Etching processes

The etching processes applied to the low-k samples are mainly based on CF-
containing chemistries. To develop less damaging plasma processes the influence
of additional species, e.g. Argon or Nitrogen, within the plasma is studied. By
increasing their gas flow in a common CF, etching process the effects on surface

energy of the low-k samples is studied. Table 6-3 shows the process conditions.
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Table 6-3: Description of the etching processes applied to dense and porous dielectric samples.

Process Parameters Referred to as
20 sec main etching C-H-F-containing etching gas | ME

process, performed at

GLOBALFOUNDRIES

Via etching process, CF-containing etching gas VE

performed at Global

Foundries Inc.

CF, etching process with 12 sccm CF4 gas flow performed at Fraunhofer ENAS:
Oxford Instruments ICP reactor, ICP power 1000W at 7 mTorr process pressure; process
time on dense low-k: 30 s, process time on porous low-k: 10 s

CF4 No additives CF4

CF4 with Ar addition Ar gas flow varied: 2, 4, 6 Ar2, Ard, Ar6, Ar8
and 8 sccm

CF, with CO addition CO gas flow varied: 2, 4, 6 CO2, CO4, CO6, CO8
and 8 sccm

CF,4 with N, addition N gas flow varied: 2, 4, 6 N22, N24, N26, N28
and 8 sccm

CF4 with O2 addition O, gas flow varied: 2, 4, 6 022, 024, 026, 028
and 8 sccm

6.1.2.2. Polymerizing etching processes

To simulate the wetting behavior of a polymeric plasma etch residue etching
processes have been applied which are known to support the formation of a CF-
containing residue on a low-k surface. The processes are based on CF-containing
chemistries with varied process parameters (process time and gas flow of additives
expected to support polymerization). The process conditions can be found in Table

6-4.
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Table 6-4: Description of the polymerizing plasma processes used to produce etch residue
surfaces.

Process Parameters Referred to as
Polymerizing etching Varied process time: 10's, Poly10, Poly15, Poly30
process using a CF- 15sand 30 s

containing etching gas,
performed at
GLOBALFOUNDRIES

CF4 etching process with 12 sccm CF4 gas flow performed at Fraunhofer ENAS:
Oxford Instruments ICP reactor, ICP power 1000W at 7 mTorr process pressure; process
time on dense low-k: 30 s, process time on porous low-k: 10 s

CF, with C4Fg addition C4Fs gas flow varied: 2, 4, 6 | C4AF82, C4F84, C4F86,
and 8 sccm C4F88

CF, with H, addition H, gas flow varied: 2, 4, 6 | H22, H24, H26, H28
and 8 sccm

Additionally a CF-polymer layer deposited by PECVD using the Applied Materials
P5000 at TU Chemnitz / ZfM was investigated to enable the comparison to a
polymeric residue produced by an etching process. These samples will be referred

to as CVDPoly.

6.1.2.3. Plasma stripping processes

The influence of plasma stripping processes on the surface energy of a low-k
material has been investigated by application of different stripping chemistries.
Plasma strip 1 and 2 (referred to as PS1 and PS2, respectively) have been
performed using a reducing chemistry and plasma strip 3 (PS3) was performed
using an oxidizing chemistry. All stripping processes have been realized at Global

Foundries Inc. Further process parameters are NDA protected.
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6.1.3. Description of the liquid samples

The surface energy of four commercially available and two experimental cleaning
liquids provided by Air Products and Chemicals Inc. has been determined. All
liquids are designed to remove plasma etch residues from porous low-k materials
and are described to be compatible to materials used within BEOL processing. The
cleaning solutions are described in Table 6-5, classified by their water
content. Further information about the composition of the solutions is protected by

a NDA.

Table 6-5: Description of the wet cleaning solutions studied in this work

Cleaning solution Water content Referred to as
ACT EZ Strip 511 <50 % Al
ACT EZ Strip 520 <50 % A2
ACT NAC-1 <50 % A3
ACT EZ Strip 530 50-80 % B1
87F (experimental solution) | 50 — 80 % B2
3L (experimental solution) >80 % Cl1

6.2. Surface energies of the solid samples
6.2.1. Low-k and ultra low-k dielectrics after etching processes

In pristine condition the porous low-k dielectric has a low energetic surface with
almost no polar contribution. All applied etching processes introduced a polar
energy part, whose quantity strongly depends on the type of process and increases
the total surface energy of the low-k surface (Figure 6-1). The low surface energy

of the pristine low-k and especially the missing of a polar energy contribution will



6 Experimental determination of surface energies and wetting behavior 95

lead to a very poor wetting behavior by water based cleaning solutions due to the
fact that any polar energy part of the liquid cannot interact with this surface. The
increase in surface energy by the etching processes and the introduction of a polar
energy part will support the wetting of this surface by many liquids, but also shows
that finding the appropriate cleaning solution depends on the process applied to the

solid surface.

After the ME process the low-k dielectric’s surface energy shows the smallest
increase, keeping a more dispersive than polar character. All other etching
processes changed the energetic character of the low-k surface from dispersive to
polar with an energy increase up to 50 mN/m. The addition of Argon and the
increase of its gas flow do not change the effect of the CF, etching process on the
low-k material surface. The introduction of a strong polar energy part can be due
to the destruction of hydrophobic groups in the surface near area by the plasma
process, supporting the formation of polar groups at dangling bonds, e.g. the
saturation of free bonding places by —OH. The formation of silanols in the surface
near area of the low-k dielectric is one part of a plasma damage occurring during
etching. The calculation of the low-k’s surface energy characteristics can therefore
not only be used to determine its wetting properties but to give a hint whether an

etching process produces a material damage or not.

In Figure 6-2 the dispersive and polar energy contributions of the dense low-k
materials 3 and 4 are shown. In pristine condition both materials have nearly
complete dispersive energy character, while the total surface energy of low-k 4 is
slightly higher than that of low-k 3. In contrast to the porous low-k 1 the
application of a CF,4 etching process with argon addition does not increase the
surface energy up to 50 mN/m but only to 38 mN/m and the polar energy

contribution after this process is not as high as for the porous low-k. This can be
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due to the dense structure of the material. The addition of oxygen to the etching
process shows a strong increase of the polar energy part of the surface, which can
be due to the strong depletion of carbon in the surface near areas of the material by
oxygen species in an etching plasma. The surface energy of low-k 4 is also
increased by the etching process with addition of CO, or N, with the change of the
material’s character from dispersive to polar, but the addition of CO, produces a

lower polar energy part than the addition of N,.
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Figure 6-1: Dispersive and polar energy contributions of the porous low-k 1 in pristine condition
and after several etching processes. All processes introduced a certain polar energy part, which
lead to a strong increase in total surface energy.

The results show that it strongly depends on the process applied to a low-k material
how its wetting behavior is affected and makes it difficult to find a universal
cleaning solution to remove residues of the etching processes. Also the type of

dielectric used for integration is one issue. In the case of the CF, etching process
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with addition of Argon the surface energy of the porous dielectric is obviously

more affected than that of the dense dielectric. Also this means the dielectric could

be damaged by an etching process, the increase of the surface energy of the liquid

and especially the introduction of a polar energy part in all studied cases will

support wetting of this surface.
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Figure 6-2: Dispersive and polar energy contributions of the dense low-k 3 and low-k 4 in
pristine condition and after several etching processes. Especially the oxygen addition

introduced a large polar energy part. In all cases the total surface energy of the samples
was increased by plasma processing.
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6.2.2. Surfaces after polymerizing processes

The polymerizing processes applied to the low-k material produce very low
energetic surfaces with surface energies between 27 mN/m and 36 mN/m, which
implies the formation of a polymeric surface layer. Compared to the CF-Polymer
deposited by CVD the polymerized surfaces have a higher polar energy part and
therefore a higher total surface energy (Figure 6-3).

The extension of the process time (PolylO, 15 and 30) leads to an increased
dispersive energy contribution with a slight decrease in total surface energy. The
same effect can be found by the C,Fg- and H, added processes, where an increased
gas flow of the additive leads to a lower surface energy with a decreased polar
energy contribution. This effect is more pronounced for the C,Fg-added than for the
H,-added process. The results show clearly that the energetic character of
polymeric etch residue surfaces strongly depends on process parameters applied to
the material. Because the formation of a contact angle of a liquid on a solid is only
influenced by the uppermost layers, the change in energetic character cannot be
declared by an increased film thickness of the polymer but by a change in chemical
composition of the surface. The results show that the calculation of the surface
energy can be used as a very sensible method to detect whether a polymer has been
formed or not and the influence of the variation of the process parameters applied

to a surface.

Due to their low surface energy these polymerized surfaces will be difficult to wet
by high energy cleaning solutions and the difference in their energetic character

makes it hard to find an universal cleaning liquid for all surfaces.
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Figure 6-3: Dispersive and polar energy contribution of etch residue surfaces formed by
different etching processes with variated process parameters. For comparison the
energetic character of a CVD-formed CF-Polymer is shown. Surface energies of 30-40
mN/m have been determined for all studied residue surfaces. Although the polymeric
residue owns a polar contribution, the low total surface energy may cause difficulties in
wetting those kinds of surfaces.

6.2.3. Ultra low-k dielectrics after stripping processes

Two different reducing stripping processes (PS 1 and PS 2) and one oxidizing
stripping process (PS 3) have been applied to low-k 1 (Figure 6-4). Both reducing
stripping processes introduce a polar energy part to the material, which is nearly
completely dispersive in pristine condition. After PS 1 the material keeps its more
dispersive than polar energy character and the total surface energy is increased to
35 mN/m. Even the type of stripping chemistry is comparable to PS 1, PS 2 leads to

a much larger increase in surface energy, turning the energetic character of the
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material from dispersive to polar. The surface energy increased up to 41 mN/m.
The strongest effect on the low-k’s surface can be found for PS 3, which introduces
a large polar energy part and increases the surface energy of the dielectric up to 58
mN/m. Oxidizing stripping chemistries are known to lead to a reduction of the
carbon content of the low-k and the formation of polar groups like silanols, which

can declare the occurrence of this large polar energy part of the material after PS 3.

Even the formation of polar energy contributions and the increase in total surface
energy implies a plasma damage of the dielectric, it is supporting the wetting
behavior of the material by equalizing the energetic character of the solid to this of

many liquids.

6.2.4. Metallic surfaces and barriers

The surface energy of metals and barrier materials used within the interconnect
system of integrated circuits has been calculated to determine their wetting
behavior (Figure 6-5). The copper layers (Cu 1 and Cu 2), both deposited by
electroplating, show a very similar energetic character with a low surface energy of
about 30 mN/m of which about 1/3 is polar. The copper, which can be in contact
with a cleaning solution not only while etch residue removal but also while post-
CMP cleaning, will be difficult to wet due to its low surface energy. The CoWP
layer’s surface energy is only slightly higher than that of the copper samples, also
its polar energy part is larger. Both barrier materials (TiN and TaN) have a strong
polar energy contribution, but differ in total surface energy, which is much higher
for TaN with more than 50 mN/m. Therefore TaN will show the best wetting

behavior.
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Figure 6-4: Dispersive and polar energy contributions of low-k 1 after reducing (PS 1 and
PS 2) and oxidizing (PS 3) stripping processes. As shown for the plasma etching
processes stripping introduces a polar energy part to the low-k material. Differences in
energetic characters can not only be found for reducing and oxidizing processes, but also
within reducing plasmas using different process conditions.
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Figure 6-5: Dispersive and polar energy contributions of copper and barrier materials
applied within the interconnect system. The copper samples show a very low surface
energy comparable to the values found for etch residue surfaces. All other samples own a
more or less higher polar energy contribution.

6.2.5. Polished and hardmask surfaces

Wet cleaning processes are not only important for etch residue removal, but also
after other processes within the fabrication of integrated circuits. Especially after
chemical mechanical polishing (CMP) processes a cleaning step is necessary to
remove slurry residues. After the CMP process the surface to be cleaned can for
instance be copper or a hardmask layer, which acts as a stop-layer for the CMP
process. To remove slurry residues by wet cleaning the wetting of the surface by
the cleaning solution is essential. A CMP process using Acuplane slurry (Dow

Chemical) was applied on low-k 1 and a hardmask layer based on
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Octamethylcyclotetrasiloxane (OMCTS) has been studied. To determine the

wetting behavior of both surfaces their surface energy has been calculated.

The CMP process introduced a strong polar energy contribution to the dielectric
and increased its total surface energy from 28 mN/m up to more than 40 mN/m
(Figure 6-6). Due to this energy increase this layer will show a better wetting
behavior than the pristine low-k 1, but this also implies a damage of the surface
near area and the formation of polar groups. The OMCTSHM layer has a
completely dispersive character with a slightly higher total surface energy than the
pristine low-k 1, which means that this surface will show a very poor wetting

behavior due to its low energy and the missing of a polar energy part.
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Figure 6-6: Dispersive and polar energy contribution of low-k 1 after a CMP process and
of an OMCTS hardmask layer
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6.3. Surface energies of the cleaning solutions

The studied cleaning solutions show a broad range of surface energies and all have
a more or less strong polar energy part (Figure 6-7). The solvent based liquids A1l
and A2 are low-energetic with surface energies below 40 mN/m and will therefore
show the best wetting behavior on low energy solid surfaces. Solution A3, which
also has a water content lower than 50%, shows a much higher surface energy of
about 60 mN/m, which means that solvent based cleaning liquids are not low-
energetic in any case and a determination of their surface energy is necessary.
Solutions B1 and B2 differ in their surface energy by 11 mN/m, even they have a
comparable content of water. B2 has a very high surface energy of about 66 mN/m

and low energetic solids will difficultly be wetted by this solution.
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Figure 6-7: Dispersive and polar energy contribution of the cleaning solutions studied in
this work. All studied liquids own a certain polar energy contribution and vary in total
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surface energies depending on their water content.
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Solution C1 with the largest water content of more than 80% shows the highest
surface energy with 72,6 mN/m, which is comparable to that of water (72,4 mN/m
at room temperature). This solution will have the most critical wetting behavior on

low energy solid surfaces.

6.4. Contact angle analysis

The wetting behavior of a liquid on a solid surface can be determined by
calculating the surface energies of both. A comparable energetic character of both,
which includes the total surface energy value and the ratio of polar and dispersive
energy contribution, should provide the best wetting behavior. A contact angle
analysis of the studied cleaning liquids on a selection of the solid surfaces
characterized in the previous sections is performed to test, if this type of prediction

is reliable.

Figure 6-8 shows the contact angles of all studied cleaning solutions on low-k 1,
the etch residue surfaces Polyl0, Polyl5, Poly30, low-k 1 after a main etching
process (ME) and the stripping processes PS1-3. The low-energetic and dispersive
low-k 1 surface shows the most critical wetting behavior. Due to the missing of any
polar energy contribution the cleaning solutions are not able to form low contact
angles. The high-energetic solutions B2 and C1 show contact angles higher than

90°, which means that no wetting occurred.

For all other surfaces the low-energetic cleaning solutions A1 und A2 show the best
wetting behavior with contact angles lower than 26°. This can be declared by the
comparable energy characteristics of liquids and solids. The more high energetic
cleaning solutions are not able to form contact angles lower than 36°, depending on
the difference between the energy values of the solid and the liquid. Dispersive and

polar energy contributions of solid and liquid also show a clear connection to the
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value of the contact angles, which become lower if the ratio of dispersive and polar

energy part of both species is most comparable.
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Figure 6-8: Contact angles of the studied cleaning solutions on selected surfaces. The
solutions A1 and A2 with the lowest water content show the best wetting behavior. Due to
its dispersive character the pristine low-k 1 is difficult to wet by all studied solutions.
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6.5. Finding the appropriate cleaning solution with sufficient wetting
behavior without additional contact angle measurements

In Table 6-6 the contact angles of the cleaning liquids and the differences between
the surface energies of the solid surfaces and the liquids are shown, which clearly
shows the context between both parameters. The best wetting behavior can be
achieved by cleaning solutions, which have the same or less surface energy as the

solid surface.

Table 6-6: The contact angles of the cleaning liquids on selected surfaces (CA, value on
the left side) and the differences between the surface energies of liquids and solids (ED,
value on the right side) are compared. A small difference between the surface energies
will produce a small contact angle on this surface. The results confirm that calculating the
energetic character of solid and liquid gives a sound appreciation of the wetting behavior
to be expected.

AL A2 A3 B1 B2 a

cA 0 | ca [ e cA [ o [ ca 0 | ca ED [ ED
Poly10 122 3,34 13| 314 es1] 2226] 72| 1916] 69,9 30,6 72| 36,06
Poly15 122 364 108 28] 691 2254 61,2] 1944 736 3044 7838 36,34
Poly30 123 369 17] -281] 736 2259 60| 1949 786 3049 818 36,39
ME 146 381 126 -269] 707 22,71 609 1961 77,3 3061] 81,5 36,51
[ 266] 503 175 -1,47 69| 2393 582 2083 762 31,8 789 37,73
Ps2 123 -1,19| of 769 513 17,711 431 1461 €1,3] 2561 654] 31,51
Ps3 ol -993] 69 -1643] 414 897 364 587 506 1687 55| 22,77
Legend
Contact angle
[<20° [20- 40° [40- 60° [>60° |

Energy difference
[<5mN/m [5-15mN/m [15-25 mN/m [<25mN/m |

To find the appropriate cleaning solutions with the best wetting behavior on a
special surface the first parameter to look at is the total surface energy of both
media. If the difference is small or the cleaning liquid’s surface energy is smaller

than that of the solid, a good wetting can be achieved. The second step is to
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determine the ratio of dispersive and polar energy contribution of both phases. As
seen for instance for the pristine low-k 1 sample, a large difference in the ratio of
dispersive and polar energy parts will prohibit good wetting. In this special case the
missing of any polar energy part of the dielectric will complicate wetting due to the
fact that all cleaning liquids studied have a polar energy contribution, which cannot

interact with a totally dispersive surface.

The results show that the determination of the energetic character of solid and
liquid can be applied to find the appropriate combination of both for best wetting.
Additional wetting tests of any available cleaning solution on the surface are not
necessary. If e.g. a surface has a very low energy, high energetic cleaning solutions
can by excluded from testing or application.

This procedure to find the best combination of solid and liquid has to be
reconsidered if for instance the solid is expected to have a high roughness. As
described on chapter 3.2.2. surface roughness can strongly affect the wetting

behavior of a solid surface and should be analyzed.

6.6. Selection of cleaning solution to be optimized in their wetting behavior

The results of the surface energy calculations show that the majority of solid
surfaces, whether they are CF containing polymers, surfaces after etching processes
or copper, have a low surface energy of below 45 mN/m. The introduction of a
polar energy contribution to the completely dispersive low-k dielectrics supports
their wetting behavior due to the fact that all studied cleaning solutions also have a
more or less large polar energy part. In most cases this change in energy
characteristics of the solid is not enough to ensure a good wetting by water based

cleaning solutions, because the difference of the surface energies of solid and liquid
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is too big. In Table 6-7 the differences between total surface energy of the studied

cleaning solutions and a selection of the analyzed solid surfaces are shown.

The low energetic cleaning solutions having a water content lower than 50 % will
show a good wetting behavior on most solid surfaces due to a low difference in
surface energy. Cleaning solutions with higher water content, especially solution
C1 containing more than 80% water, will not be able to form small contact angles
on the solids studied in this work and need to be optimized regarding their wetting
behavior. One approach is to lower their surface energy by the application of
surfactants and will be described in the following chapter for the high energetic

cleaning solutions B1, B2 and C1.
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Table 6-7: Differences in total surface energy of the cleaning solutions and a selection of
solid surfaces studied in this work. Negative or very small values indicate the best wetting

behavior of the system solid / liquid. For the solutions with high water content the wetting

of most of the studied solid surfaces will be difficult due to the large energetic difference

between both.

Water content - <50% 50- 80 % >80%
Solid surfaces | Al A2 A3 Bl B2 (o4 }
- = low-k 1 11,27 4,77 30,17 27,07 38,07 43,97
g § low-k 1+ ME 3,81 -2,69 22,71 19,61 30,61 36,51
ﬁ S low-k 1 +VE -2,88 9,38 16,02 12,92 23,92 29,82
; E’; low-k 1 +Ar8 -5,84 -12,34 13,06 9,96 20,96 26,86
é % low-k 3 14,6 81 33,5 30,4 41,4 47,3
g ;lg low-k 3 +Ar8 2,8 -3,7 21,7 18,6 29,6 35,5
T ®©
T3 low-k 3+028 -29,96 -36,46 -11,06 -14,16 -3,16 2,74
a9 [|lowka 6,37 -0,13 25,27 22,17 33,17 39,07
g_ § low-k 4 + CO8 -5,08 -11,58 13,82 10,72 21,72 27,62
low-k 4 +N28 -20,23 -26,73 -1,33 -4,43 6,57 12,47
o Poly30 3,69 -2,81 22,59 19,49 30,49 36,39
§ é C4F88 11,28 4,78 30,18 27,08 38,08 43,98
£ H28 11,92 5,42 30,82 27,72 38,72 44,62
%ﬂ § PS1 5,03 -1,47 23,93 20,83 31,83 37,73
28 |2 -1,19 7,69 17,71 14,61 25,61 31,51
3 g- PS3 -18,71 -25,21 0,19 -2,91 8,09 13,99
= cul 7,93 1,43 26,83 23,73 34,73 40,63
§ .5 CoWP 5,52 -0,98 24,42 21,32 32,32 38,22
2 _'§ TiN 1,1 7,6 17,8 14,7 25,7 31,6
= TaN -14,1 -20,6 4,8 1,7 12,7 18,6
E’ low-k 1+ CMP -1,95 -8,45 16,95 13,85 24,85 30,75
o OMCTSHM 5,44 -1,06 24,34 21,24 32,24 38,14
Legend
Surface energy difference | <5mN/m | 5-15mN/m | 15-30mN/m | >30mN/m




7. Optimized wetting of cleaning solutions by application of
surfactants

7.1.  Process and sample description
7.1.1. Selection of surfactants

The selection of surfactants for decreasing the surface energy of the cleaning
solutions B1, B2 and C1 was performed under several points of view: the samples
should cover a wide range of surfactant types, be easy and safe in handling
(nontoxic), environmentally friendly with no or low foaming. One focus was on
nonionic surfactants due to their good compatibility to many solvent systems.
Additionally anionic, fluorinated and silicon-containing surfactants have been
studied. Cationic surfactants have been excluded due to environmental issues. The

surfactants used in this work are described below.

Nonionic surfactants

1) Envirogem™ 360 (EG360): Low-foam, nonionic Gemini-surfactant with

HLB 3 - 4, highly biodegradable and environmentally friendly

2) Carbowet™ 100 (CW100): Low-foam surfactant with HLB 10 — 11, based
on ethoxylated 2,4,7,9-Tetramethyldec-5-yne-4,7-diol (TMDD, chemical

structure can be seen in Figure 7-1)
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Surfynol™ series:

Acetylene diol based nonionic Gemini-surfactants with 2 hydrophilic and at
least 2 hydrophobic parts in one molecule; highly surface active with low

foaming.

3) Surfynol™ 104 E (S104E): Surfactant in ethylene glycol, HLB 4

4) Surfynol™ 2502 (S2502): Ethoxylated/propoxylated form of the surfactant
base, HLB 7 -8

5) Surfynol™ 465 (S465): Ethoxylated form of the surfactant base, HLB 13

6) Surfynol™ 485 (S485): Ethoxylated form of the surfactant base, HLB 17

7) Tetronic™ 701 (Tetra): Ethylenediamine tetrakis(propoxylate-block-
ethoxylate) tetrol; low-foam tetra-functional block ethoxylate) tetrol; low-
foam tetra-functional block copolymer with HLB 1 — 7 (chemical structure

can be seen in Figure 7-2)

Anionic surfactants

1) Glycolic acid ethoxylate 4-nonylphenyl ether (GACnonyl): slightly foaming

surfactant (chemical structure can be seen in Figure 7-3)

2) Glycolic acid ethoxylate lauryl ether (GAClauryl): slightly foaming

surfactant (chemical structure can be seen in Figure 7-4)
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Special surfactants:

1) Zonyl™  PFBE  fluorotelomer  (Fluoro): = PFBE  stands  for
perfluorobutylethylene, fluorocarbon based surfactant (chemical structure

can be seen in Figure 7-5)

2) Tegotronic™ SC (Silox): polyether modified trisiloxane, “superspreader”

surfactant (chemical structure can be seen in Figure 7-6)

Hy H
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Figure 7-1: 2,4,7,9-Tetramethyldec-5- Figure 7-2: Ethylenediamine
yne-4,7-diol tetrakis(propoxylate-block-ethoxylate) tetrol

o{\/\ hrOH o
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Figure 7-3: Glycolic acid ethoxylate 4- Figure 7-4: Glycolic acid ethoxylate lauryl ether
nonylphenyl ether
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Figure 7-5: Zonyl PFBE fluorotelomer Figure 7-6: Polyether modified trisiloxane

Envirogem™, Carbowet™ and Surfynol™ are trademarks of Air Products and
Chemicals Inc. and have been supplied by Air Products. Tetronic™ is a trademark
of BASF SE, the surfactant has been supplied by Sigma Aldrich Inc. Zonyl™ is a
trademark of DuPont Inc. This surfactant, GACnonyl and GAClauryl have been
supplied by Sigma Aldrich Inc. Tegotronic™ is a trademark of Goldschmidt GmbH
and has been supplied by TELTEC GmbH.

7.1.2. Processes for material compatibility study

The compatibility of the surfactant solutions to a porous low-k dielectric has been
performed using low-k 2 provided by Air Products and Chemicals Inc.
Compatibility tests on metals and barrier materials has been done using Cu 2, TaN

and TiN.

Processes with surfactants mixed in water and in the cleaning solutions B1, B2 and
C1 were done in a beaker setup, immersing the sample for 1 or 3 minutes followed
by a rinsing step for 1 or 3 minutes using deionized water (DIW) or isopropyl
alcohol (IPA). The dielectric samples afterwards have been investigated regarding

their optical, electrical and structural properties. Sheet resistance measurements
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have been performed to determine the influence of surfactant solutions on metals

and barrier materials.

7.2. Dynamic surface energy of DIW-mixed surfactants

All surfactants have been mixed in deionized water (DIW) at several concentrations
beginning from 0.02 % up to 0.1 % in steps of 0.02 % (all values are volume
percent). The dynamic surface tension of each solution has been determined by
maximum bubble pressure measurement at surface ages from 20 ms up to 1000 ms.
In Figure 7-7 the dynamic behavior of the solutions at a concentration of 0.08 % is

shown (all other data can be found in the appendix section E).

The lowest surface energy is reached by the silicon containing surfactant with 23.8
mN/m, but shows a strong slope of the dynamic surface energy at low surface ages.
A fast adsorbing surfactant is S485 but does not reach a low surface energy. The
fluorinated surfactant Zonyl did not show a dynamic surface energy reduction,

which may be due to a very low adsorption speed.

Due to the broad range of dynamic behavior of the surfactant solutions the selection
of species to be used for the following studies was done by the lowest surface
energy reached at 1000 ms surface age and the slope of the curves, which stands for
the dynamic behavior of the solutions. The slope has been determined by adding an
exponential trendline to each curve, where a lower value stands for a higher

adsorption speed.
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Figure 7-7: Dynamic behavior of the studied surfactants mixed in DIW at a concentration
0f 0.8%. The solutions show a broad range of adsorption speeds and lowest reachable
surface energy. This gives rise to the assumption that a compromise between both
attributes has to be made selecting appropriate surfactants.

The results in Table 7-1 show that in most cases a compromise between low
surface energy and low adsorption speed has to be made, but surface energy was
decided to have a higher priority. A limit at around 40 mN/m is set due to the fact
that most of the solid surfaces analyzed in the previous chapter have a surface
energy comparable to this. Four surfactants have been selected for further analysis:
EG360 due to its low surface energy and a medium slope, S2502 due to a surface
energy smaller than 40 mN/m and a small slope, Tetra due to its very small curve
slope and a medium surface energy and Silox due to its very low surface energy.
Also GACnonyl has a surface energy slightly below 40 mN/m, it was excluded due

to its tendency to foaming.
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Table 7-1: The minimal dynamic surface energy at 1000 ms surface age and the slope of
the dynamic curves of all studied surfactants. For further studies the selection of
surfactants was done by both values and is marked in this table.

Minimal surface Selected for
energy [mN/m] Slope . furt'he!'
investigtion
EG360 316 3.7 X
S104E 42.2 -1.5
$2502 37.4 15 X
CW100 35.1 -3.0
S465 44.7 -1.2
S485 53.7 -0.5
Tetra 40.4 -1.0 X
GACnonyl 39.8 -6.9
GAClauryl 45.5 -5.9
Zonyl 0.7
Silox 2338 X
Legend
<60 mN/m | <50 mN/m <40 mN/m <30 mN/m

Surface energy
Slope

7.3. Dynamic surface energy of surfactants mixed in cleaning solutions

7.3.1. Analysis at room temperature

The four selected surfactants EG360, S2502, Tetra and Silox have been mixed in

the cleaning solutions B1, B2 and C1 at concentrations of 0,1 %. Bath temperature

was kept at room temperature for the dynamic surface energy analysis. The results

are shown in Figure 7-8.
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Figure 7-8: Dynamic behavior of the selected surfactants at room temperature mixed in
cleaning solutions B1, B2 and C1 at a concentration of 0.1 %. In all cases the dynamic
surface energy decreased, but only few solutions reached a dynamic equilibrium.

In all cases the total surface energy of the cleaning solution was reduced, but
surfactant addition also changed the dynamic behavior of the liquids and only in a
few cases a dynamic equilibrium could be reached. Figure 7-9 shows the change of
total surface energy of the solutions using the lowest surface energy reached at a

surface age of 1000 ms.

The highest reduction in total surface energy compared to the initial value was
possible for solution C1 with the largest water content, where a reduction from 72
mN/m to less than 30 mN/m was possible using Silox. For solution Bl also Silox

reached the lowest value in surface energy, but compared to initial surface energy
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the reduction is much lower for all other surfactants. The results imply that

cleaning solutions with high water content profiteer most by surfactant addition.

In Figure 7-10 the slopes of the curves are compared to the values the surfactant
solutions reached when mixed in DIW. Using Tetra the changes of the slope only
slightly changed compared to the initial conditions. When mixed in B1 the slope
could be reduced for all surfactants while for other solutions no clear trend of
dynamic behavior was found. This implies that the water content of the solutions

does not directly impact on dynamic surface tension when applying surfactants.

mw/osurfactant MEG360 mS2502 mTetra Silox
80

70

Surface energy [mN/m]

B1 B2 C1

Figure 7-9: The lowest surface energy reached at a surface age of 1000 ms when applying
surfactants to the cleaning solutions B1, B2 and C1. The largest effect was found for the
solution with the highest water content.
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Figure 7-10: Slopes of the dynamic surface energy curves of surfactants mixed in
cleaning solutions B1, B2 and C1. The dynamic behavior strongly differs for different
surfactants and cleaning solutions. A general prediction of the surfactant’s behavior added
to a cleaning solution with a certain amount of water cannot be given.

7.3.2. Impact of surfactant addition on the static surface energy of the
cleaning solutions

The cleaning solutions B2 and C1 additionally have been investigated regarding
their static surface energy characteristic after adding 0.1 % of the surfactants
EG360, S2502 and Tetra. By contact angle measurements the dispersive and polar
surface energy contributions have been determined. In contrast to the dynamic
behavior of the solutions, which is strongly affected by the addition of surfactant
species, the static dispersive and polar energy characteristics only slightly change.
The investigation showed that the main effect of surfactant addition is the lowering
of the total surface energy values of the solutions (Figure 7-11). Solution B2
showed only slight changes of the percentages of the polar and dispersive energy

contributions, which means that the besides the lowering of the total surface energy
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value the energetic character of the liquid is only slightly affected by the surfactants
(Figure 7-12). An addition of EG360 and S2502 to solution C1 showed a decrease
of the polar energy part of about 10-20%, nearly equalizing the energetic character

of this solution to the characteristics of solutions B2.
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Figure 7-11: Static energy characteristics of solution B2 and C1 after adding the surfactants
EG360, S2502 and Tetra. The investigation showed that the main effect of surfactant addition is
the lowering of the total surface energy values of the solutions

7.3.3. Analysis at increased bath temperature

The cleaning solutions analyzed in this work are developed not only for processes
at room temperature, but also for temperature ranges up to 50°C. In most cases the
supplier of the solutions gives an advice in which range best cleaning results can be
achieved. The liquids studied are suitable to be used at temperature ranges from

room temperature up to 45°C and effects on the dynamic behavior of a surfactant at
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higher temperatures are not known yet. To determine the influence of a higher bath

temperature dynamic measurements at 35°C have been performed.

W dispersive [%] ™ polar [%]
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Percentage of dispersive and polar surface energy
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Figure 7-12: Percentages of dispersive and polar surface energy contributions of solutions

B2 and C1 after adding the surfactants EG360, S2502 and Tetra.

Figure 7-13 compares the dynamic surface energy of S2502 mixed in B1, B2 and

C1 at room temperature and at 35°C bath temperature. The dynamic behavior of the

surfactant solutions only slightly changes at increased temperature, which can be

seen for all 4 surfactants applied (see appendix section F). This implies that in a

medium temperature range the dynamic surface energy of the surfactant solution is

not affected.
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Figure 7-13: Comparison of the dynamic behavior of S2502 mixed in solution B1, B2 and
C1 at room temperature and a bath temperature of 35°C. The results show that at medium
bath temperature the dynamic behavior of the surfactant solutions is only slightly changed.

7.3.4. Long term stability of surfactant solutions

A cleaning solution with optimized wetting behavior by adding a surfactant has to
show stable dynamic parameters if the surfactant is mixed into the solution long
before use. To determine whether a surfactant aided solution is stable over a long
time all 4 studied surfactants have been mixed with the cleaning solutions B1, B2
and C1 at a concentration of 0,1 %. The dynamic surface tension has been

measured just after mixing and 7 weeks after surfactant addition.

Table 7-2 shows the change in dynamic surface energy after 7 weeks. Only EG360
and S2502 seem to be stable after this time in all cleaning solutions. Tetra shows a

large energy change in solution B2 at low surface ages and normalizes at high
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surface ages. Most critical is the long term behavior of Silox. Mixed in B2 the
changes are in a medium range, but mixed in B1 and C1 a large increase in surface
energy can be seen. This may be due to the destruction of the surfactant and
therefore to a decreased concentration of surfactant molecules within the liquid. If
less molecules exist in the solution, the decrease in dynamic surface tension with
increasing surface ages cannot be as large as for higher concentrations. The same
was found for low surfactant concentrations in the study of dynamic behavior of
surfactants in DIW. With increased concentration a lower surface energy could be
reached at 1000 ms surface age. This implies that if Silox should be applied to a

cleaning solution, it has to be added just before use of the liquid.
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Table 7-2: Long term stability of surfactants mixed in the cleaning solutions B1, B2 and
Cl1. After 7 weeks only EG360 and S2502 seem to be unchanged while especially Silox
shows a large difference in dynamic surface energy. This may be due to the fact that
silicon containing surfactants are known to be easily destroyed in aqueous media by

hydrolysis.
Solution B1
Surface age [ms] |[EG360 $2502 Tetra Silox

20 -0,3 -0,4 1,6 10,5

30 0 -0,3 1,4 12,1

40 -0,4 -0,2 1 12,6

50 0,1 0,4 0,9 14,4

80 -0,7 -0,3 0,3 16,9

100 0 0,3 0,6 18

200 -0,4 -0,6 0,2 20,1

300 -0,7 -0,5 -0,1 22,1

500 -0,6 -0,3 0 24,9

700 0 0,2 0,1 26,8

1000 o) 0,1 0,1 28,7

Solution B2
Surface age [ms] |[EG360 $2502 Tetra Silox

20 3 -0,9 28,8 2,2

30 2 -10 30,2 1,9

40 1 -1,8 29,3 2,5

50 2,2 -1 29,2 4,2

80 1,2 -5,9 27 4,1

100 1,2 -6,3 25,4 4,7

200 -0,7 -6,5 19,5 6,4

300 0,7 -5,2 15,2 6,1

500 -0,1 -3,7 12 11,2

700 -1,3 -3,9 9,7 13,5

1000 -2,1 -3,1 8,1 15,9
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Solution C1
Surface age [ms] | EG360 $2502 Tetra Silox

20 0 8,8 13,2
30 2,7 -0,5 6,9 13,7
40 0,4 0,4 5,1 15,2
50 0,5 0 4,7 16
80 0 -0,1 3,5 17,7
100 0,7 0,1 3,4 18,1
200 -0,5 -0,1 2,9 24,5
300 0,7 0,2 2,4 28,1
500 -1,5 -0,1 2,4 27,9
700 0,8 0,2 2,4 31,7
1000 -1,3 -0,2 1,7 34,1

Legend
absolute deviation
[<3mN/m [<8mN/m [<15mN/m [>15mN/m |

7.4. Compatibility of surfactant solutions to a porous low-k dielectric

7.4.1. Surfactants mixed in DIW

All studied cleaning solutions have been designed to be compatible to common
materials used within BEOL processing. This especially includes their
compatibility to porous low-k dielectrics and copper, which means that optical,
electrical and structural properties of the materials are not affected by the solutions
and there is no loss of material due to etching or corrosion in the case of copper.
Solutions B1, B2 and C1 have been investigated regarding their effects on low-k 1
and Cul and were found to not degrade the properties of the materials. As reported
in chapter 6 solutions B1, B2 and C1 need to be optimized regarding their wetting

behavior, which can be done by application of surfactants.
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Table 7-3: Refractive index, k-value and leakage current density of the porous low-k 2
treated by surfactants mixed in DIW. The results show that optical and electrical
parameters of the material are degraded when applying a DIW rinse after the treatment.
Using IPA for rinsing nearly recovers material properties.

n k J[A/cm?]
Reference 1,3604 2,24 1,60E-10
IPA only 1,3507 2,11 1,60E-10
Surfactant Rinse
EG360 1,5685 3,7 4,00E-06
$2502 DIW 1,5514 3,03 1,40E-06
Silox 1,429 2,86 1,60E-06
Tetra 1,389 2,42 1,10E-09
EG360 1,364 2,2 2,2E-10
$2502 IPA 1,3729 5,2E-10
Silox 1,397 4,50E-09
Tetra 1,373 2,34 9,1E-10
Legend
<1,38 <14 <1,42 >1,42 Refractive index
<24 <2,6 <28 >2,8 k-value
1E-10 1E-9 - 1E-8 | 1E-7-1E-6 > 1E-6 J (order of magnitude)

Besides the decrease in surface energy and proper dynamic parameters a surfactant

aided cleaning solution has to be compatible the materials used within the

interconnect system. To test the effects of a surfactant solution on a porous low-k

material the low-k 2 samples have been treated with surfactants mixed in deionized

water (DIW) at a surfactant concentration of 0,1% for 1 minute. After immersion

the samples have been rinsed with DIW or isopropyl alcohol (IPA) for 3 minutes.

Table 7-3 shows the results of optical and electrical analysis after surfactant

treatment. Except the samples treated with Tetra all DIW rinsed samples show a

strong increase in refractive index, k-value and leakage current density. For the
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Tetra solution these values only slightly increased. Rinsing with IPA did not lead to
a degradation of optical and electrical parameters of low-k 2. The k-values marked
red in Table 7-3 are much too low and may result from a failure in the CV-
measurement, which could not be explained till now, and should not be considered.
In Figure 7-14 the section of functional groups of the FTIR spectra recorded for all
surfactant treated samples is shown. This section of the spectra turned out to give
the best hint whether or not surfactant residues are present within the porous
material. Within the fingerprint area of the spectra the peaks of the Si-O-Si skeleton
of the low-k material and the peaks assigned to the surfactants overlap and are
therefore not exactly detectable. In the spectra of Figure 1 the region of functional

CHj, groups with the main CHj; peak at 2975 cm’! are shown.
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Figure 7-14: Functional group section of the FTIR spectra recorded for surfactant treated
porous low-k 2 dielectric using DIW and IPA for rinsing. After DIW rinsing additional
CHx peaks occur, which cannot be assigned to the low-k material and are therefore
thought to be caused by residual surfactant species within the dielectric. After IPA rinsing
those peaks nearly vanished.
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The DIW rinsed samples show a strong increase in CH; and the introduction of
additional CH, peaks at lower wavenumbers. Those peaks vanish if the samples are
rinsed with IPA. Peaks from 2840-2870 cm-1and from 2915-2940 cm’™ belong to a
medium to strong C-H stretching vibration (symmetrical and asymmetrical) of —
CH,- fragments. The ranges 2865-2885 ¢cm™ and 2950-2975 cm™ can be assigned
to a medium to strong C-H stretching (symmetrical and asymmetrical) of R-CHj;
components. This large amount of additional CH, species cannot be declared by a
change in the low-k composition but by the remaining of surfactant species within
the porous material structure. The solution containing EG360, S2502 and Silox
show the highest amount of residual surfactants within the low-k dielectric, while
for Tetra this effect is not observed. DIW rinsing therefore is not able to remove all
surfactant species. After IPA rinse the residual surfactants nearly vanished. Only

for Silox a slight increase in CH species remained.

Figure 7-15 a shows the transmission spectrum of TMDD, which is the basic
structure of S2502 and Figure 7-15 b shows the functional groups section of low-k
2 after treatment with S2502. Comparison of the section of functional groups in the
FTIR spectra shows that strong peaks at 2871 cm™, 2931 cm™ and 2956 cm™ can be
found in both spectra, which supports the assumption of residual surfactants species
within the dielectric after DIW rinsing. The additional peaks occurring in the FTIR
spectrum in Figure 7-15 b may be due to the fact that S2502 is an ethoxylated and
propoxylated version of TMDD. Comparable results can be found looking at the
transmission spectrum of 2-(chloromethyl)-oxirane shown in Figure 7-16 a, which
is one of the basic compounds of EG360 (Figure 7-16 b). Peaks around 2860 cm',
2874 ecm™, 2926 cm™ and 2963 cm™ can be seen in both spectra and cannot be

assigned to the low-k material, which gives rise to the assumption that those peaks
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belong to residual surfactant species remaining within the porous structure of the

dielectric after DIW rinsing.
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Figure 7-15: Transmission spectrum of TMDD (section of functional groups) and the
same spectral region of a $2502 treated porous low-k dielectric (inset). Typical peaks of
the CHy region occur in both spectra and give rise to the assumption that the additional
peaks in the SICOH-spectra are caused by residual surfactant species. (Source: Spectral
Database for Organic Compounds, SDBS)
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Figure 7-16: Transmission spectrum of 2-(chloromethyl) oxirane (functional groups) and
the same spectral region of the EG360 treated low-k 2 material. 2-(chloromethyl) oxirane
is one of the main components of EG360 and typical peaks of this substance can also be
found in the SICOH-spectrum after surfactant treatment. (Source: Spectral Database for
Organic Compounds, SDBS)

Additionally increase of DIW rinsing time from 3 minutes to 10 minutes was
performed. Figure 7-17 shows the spectra of low-k 2 after treatment with Silox and
Tetra at increased rinsing times. The additional CH, peaks for Silox can be seen
with a comparable intensity for both rinsing times which means that residual
surfactant species could not be removed. Increased rinsing times did not show an

adversarial effects on Tetra treated samples.
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Figure 7-17: FTIR spectra of low-k 2 after treatment with Silox and Tetra with increased
DIW rinsing time. An increase of the DIW rinsing time from 3 to 10 minutes has no
effect and the peaks assigned to the residual surfactant species still occur with comparable
intensity.

7.4.2. Surfactants mixed in cleaning solutions at room temperature

The selected surfactants have been mixed with the cleaning solutions B1, B2 and
Cl1 at a concentration of 0,1%. Low-k 2 samples have been immersed in these
solutions for 3 minutes followed by a 3 minute rinse using DIW or IPA.
Additionally for Silox and Tetra the rinsing time has been increased to 10 minutes.
Optical, electrical and structural parameters of the low-k samples have been
determined to test the compatibility of the surfactant aided solutions to this

material.
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Table 7-4: Refractive index, k-value and leakage current density of low-k 2 samples
treated with the surfactant aided cleaning solutions B1, B2 and C1. As seen for the
surfactants mixed in DIW an IPA rinse is necessary to recover the material’s properties
after surfactant treatment.

n k J[A/cm?]
Reference 1,3604 2,24 1,60E-10
Surfactant | Rinse Cleaner
B1 1,584 3,12 6,10E-05
DIW B2 1,555 3,64 4,40E-05
£G360 c1 1,553 3,36 5,80E-05
B1 1,386 2,63 6,00E-07
IPA B2 1,403 2,31 3,80E-05
C1 1,388 2,34 4,40E-06
B1 1,426 5,06 2,00E-04
DIW B2 1,494 2,9 5,00E-06
250 c1 1,521 2,92 4,30E-06
B1 1,373 3,79 7,50E-05
IPA B2 1,403 2,47 1,20E-05
C1 1,359 2,24 4,50E-08
B1 1,421 2,57 9,60E-08
DIW B2 1,429 2,46 1,60E-07
Silox C1 1,48 2,41 2,00E-07
B1 1,368 2,33 6,20E-09
IPA B2 1,373 2,37 1,30E-06
c1 1,377 2,37 4,50E-08
B1 1,384 2,45 1,60E-08
DIW B2 1,389 2,23 2,60E-09
Tetra c1 1,385 2,31 5,00E-08
B1 1,366 2,29 1,50E-06
IPA B2 1,409 2,35 2,50E-07
Cc1 1,378 2,33 7,90E-10
Legend
<1,38 <14 <1,42 >1,42 Refractive index
<24 <2,6 <28 >2,8 k-value
1E-10 1E-9-1E-8 | 1E-7- 1E-6 >1E-6 |J (order of magnitude)
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Table 7-4 shows the refractive index, k-value and leakage current density of the
low-k samples after surfactant treatment. As seen for the surfactants mixed in DIW
the samples rinsed with DIW show a strong increase in refractive index and k-
value, except the Tetra aided solutions. In most of the cases an IPA rinse recovers
the material parameters. Only for S2502 mixed in cleaner B1 the k-value could not

be decreased to a value comparable to the reference.

The leakage current densities of almost all samples treated with the surfactant
solutions are found to be 2-5 orders of magnitude higher than the reference value
and the rinsing solutions do not seem to have a clear influence on this. Especially
for EG360 and S2502 the increase in leakage current density is very high. It is not
clear if this is due to the surfactant treatment, because the samples used for EG360
and S2502 originate from another low-k 2 wafer than those for Silox and Tetra.
Figure 7-18 shows the section of functional CH, groups of the surfactants mixed in
cleaner B1 and compares the influence of the applied rinsing solutions. As seen for
the surfactants mixed in DIW, residual surfactant species represented by additional
CHjy peaks can only be found for the DIW rinsed samples, except samples treated
with Tetra. Although cleaner Bl contains an organic solvent, an IPA rinse is
necessary to recover the material properties of the low-k dielectric. The IPA rinsed
samples do not show remnants of the surfactants. Comparable results have been
found for the cleaning solutions B2 and C1, but the intensity of the additional CHx
peaks depends on the type of cleaner applied.
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Figure 7-18: FTIR spectra of low-k 2 samples treated with the surfactant aided cleaning
solution B1. Dispite for Tetra an IPA rinse is necessary to remove residual surfactant
species.

In Figure 7-20a and b EG360 and S2502 are compared regarding their influence on
the low-k material when mixed in different cleaning solutions. The spectra show
that mixing in B1 results in the lowest peak intensity while surfactants mixed in B2

produce the highest intensity.
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Figure 7-19: Comparison of EG360 and S2502 mixed in different cleaning solutions and
their effect on low-k 2 samples. a) DIW rinsing, b) IPA rinsing. Peak intensities not only
differ for the two surfactants but also for the solutions they are applied to. For solution B2
the highest peak intensities were found. The solutions also showed an influence on
surfactant removal using an IPA rinse (b); S2502 mixed in B2 was not removed
completely.
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Figure 7-20: Comparison of EG360 and S2502 mixed in different cleaning solutions and
their effect on low-k 2 samples. a) DIW rinsing, b) IPA rinsing. Peak intensities not only
differ for the two surfactants but also for the solutions they are applied to. For solution B2
the highest peak intensities were found. The solutions also showed an influence on
surfactant removal using an IPA rinse (b); S2502 mixed in B2 was not removed
completely.

7.4.3. Surfactants mixed in cleaning solutions at elevated bath temperature

The influence of bath temperature on the low-k 2 samples has been tested under the
same conditions as before at a bath temperature of 35°C. Only a small influence on
the refractive index can be seen with 6,5% as the highest change compared to
samples treated at room temperature. The k-value shows a wide distribution with
no clear trend regarding surfactant or rinsing solution. In most cases a small to
medium increase has been detected. Only the samples treated with S2502 in Bl
show a strong decrease in k-value. The leakage current density of the EG360 and

S2502 treated samples clearly decreased by 1-5 orders of magnitude while J of the
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Silox and Tetra treated samples only slightly changed (Table 7-5). It is not clear if
the strong decrease in leakage current density for EG360 and S2502 is an effect of
the bath temperature. The samples used in this study have been cut from the same
wafer as the Silox and Tetra treated samples in the last experimental series at room
temperature. So the changes of J can also be due to a contamination of the used

low-k substrate.

The spectra in Figure 7-21 show the comparison of EG360 and S2502 mixed in
cleaner B1 and C1 at room temperature and at 35°C. The rinsing solution in all
cases was DIW. For EG360 mixed in Bl almost no influence of the bath
temperature can be seen while the peak intensity of the S2502 treated samples
decreases at 35°C. EG360 mixed in C1 shows a decrease and S2502 an increase in
peak intensity of CH, species. The results show that the effect of elevated bath
temperatures strongly depends on the type of cleaning solution and surfactant used

and no universal prediction is possible.
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Table 7-5: Change of refractive index, k-value and leakage current density of low-k 2
samples treated with surfactant solutions at elevated bath temperature. While n is only
slightly affected, the k-values show a broad distribution and no clear trend dedicated to
elevated bath temperature can be found. The large changes in J can be due to a
contamination of the substrates used for the studies at room temperature and cannot be

clearly assigned to an effect of elevated bath temperature.

n k J[A/cm?]
Surfactant |Rinse Cleaner

Bl -1,5 2,9 -2
DIW B2 2,0 2,2 -2
£G360 C1 1,8 18,5 -2
B1 0,5 4,6 -1
IPA B2 -1,4 28,1 -1
C1 -1,7 -8,5 -4
Bl 6,1 -50,2 -4
DIW B2 6,3 7,6 -2
2502 c1 2,9 6,2 2
B1 -0,1 -38,5 -5
IPA B2 -1,7 10,9 -2
c1 2,3 -4,9 2
B1 6,5 -1,9 0
DIW B2 -2,4 4,5 -1
Silox C1 -4,3 21,2 -1
B1 0,4 0,9 1
IPA B2 -0,4 7,2 -2
C1 -0,4 2,1 0
Bl 1,9 9,4 0
DIW B2 1,0 10,8 0
Tetra C1 1,6 3,5 0
Bl 0,3 0,9 -3
IPA B2 -1,1 15,7 0

Cc1 -0,6 -5,2

n, k decrease no change n, kincrease
[ >10% | 2-10% | +2% | 2-10% | >10% |

J decrease (orders of magnitude)

Jincrease (orders of magnitude)

>2

|

1-2

0

1-2

>2
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Figure 7-21: FTIR spectra of low-k 2 samples after surfactant treatment at elevated bath
temperatures. The effects of the temperature strongly depend on the type of surfactant and
cleaner used and no universal prediction is possible.

7.5. Compatibility to metals and barrier materials
7.5.1. Influence on sheet resistance

The compatibility of the surfactant aided cleaning solutions to Cu, TiN and TaN
has been determined by sheet resistance measurement. DIW and IPA have been

used as rinsing solutions.
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Table 7-6 shows the total variation of the sheet resistance from the values measured
for the untreated samples. The Cu2 samples show a broad distribution of values
with deviations from 0-27%. A clear influence of the rinsing solutions, the cleaner
type or surfactant cannot be seen. Without surfactant the cleaning solutions B1, B2
and C1 did not alter the sheet resistance of copper so the variations can only be due
to the surfactants. Except for Silox in C1 on TaN the surfactant solutions show a
good compatibility to the barrier materials TiN and TaN with sheet resistance
variation not bigger than 6%. Silox mixed in cleaning solution C1 produces a total

variation of 10-13% for both rinsing solutions.

7.5.2. Surface condition after rinsing

While all low-k samples have a clean surface without visible particles or other
contaminations after rinsing using DIW and IPA, the copper, TiN and TaN samples
show discolorations when rinsed with IPA for nearly all surfactant solutions. An
inspection by optical microscopy showed not only discolored regions, but also the
formation of regular structures and in some cases a kind of crystal like surface
contaminations (Figure 7-22 a-f). A contamination of the IPA used for rinsing can
be excluded. The liquid was taken from a new bottle of CMOS quality IPA by
supplied by J.T. Baker. A possible explanation of the surface contaminations in the
case of copper could be a chemical reaction of IPA with copper oxide, but is rather
implausible due to the fact that a redox reaction between IPA and copper oxide

occurs when copper-II-oxide is present, which is not the case here.
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Table 7-6: Total variation of the sheet resistance of copper, TiN and TaN samples after
surfactant treatment. Independent from the rinsing solution and cleaner used the copper
samples show a broad distribution of sheet resistance variation from 0-27%. The TiN and
TaN samples showed a good and very good compatibility to surfactant aided cleaning

solutions.
Surfactant Rinse Cleaner Cu2 TiN TaN
Bl 27,7 3,2 2,6
DIW B2 1,7 4,1 0,8
£G360 C1l 7,9 2,9 0,3
B1 0,6 0,8 1,8
IPA B2 23,2 2,3 1,2
Cl 2,3 2,9 0,1
B1 21,5 1,7 2,6
DIW B2 13,0 1,4 6,4
52502 c1 8,5 0,8 1,3
Bl 10,7 1,7 4,3
IPA B2 2,8 2,9 3,4
Cl 6,2 4,7 1,8
B1 7,3 2,0 6,2
DIW B2 13,6 51 3,7
Silox Cl 1,7 2,3 10,0
B1 15,3 4,4 0,8
IPA B2 10,2 0,5 7,9
C1l 11,3 4,1 13,4
Bl 3,4 4,7 4,3
DIW B2 11,3 1,1 4,1
Tetra C1l 0,0 6,0 1,6
B1 10,7 1,4 6,0
IPA B2 45 0,8 5,4
Cl 9,0 3,5 5,4
Legend
<2% <5% <10 % 210 %
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Figure 7-22: Surface condition of copper and TiN samples after surfactant treatment and
IPA rinsing. a) Copper: Tetra in B2, b) Copper: Silox in C1, ¢) TiN: Silox in B2, d) TiN.
EG360 in C1, e,f) Silox in C1

Another explanation could be the formation of inverted micelles and their
agglomeration on the surface to regular structures. Inverted micelles can be formed
in organic solutions with low water content. In this case the surfactant molecules
arrange to micelles with the polar head group in the center of the micelle and the
nonpolar tail towards the surrounding organic medium and small amounts of water
can be enclosed. The IPA used for rinsing contains 0,05% water, which could
support the assumption that inverted micelles have been formed. Like other
micelles inverted micelles are able to form agglomerates and regular structures.

The surface contaminations can also be due to the formation of gel like structures

which have been observed for surfactant aided organic solvents. Especially Gemini
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surfactants like EG360 and S2502 have been found to form gels [107], which could

have been deposited on the metallic surfaces.

The origin of the contaminations on the metallic and barrier materials could not be
declared and has to be analyzed in future studies. Also none of the possible

explanations declares why there are no contaminations on de dielectric samples.

7.6. Influence of surfactant addition on the wetting behavior of the
cleaning solutions and on pattern collaps forces

Wetting behavior of surfactant solutions on low-energetic solid surfaces
Table 7-8 the contact angles of cleaning solutions B2 and C1 with without
surfactant addition on several surfaces are compared. The results show that by
adding a surfactant, as examples EG360, S2502 and Tetra are listed, a distinct
reduction in contact angle values was achieved. The largest decrease in contact
angles occurred for cleaner C1 which has a water content higher than 80%.
Especially for the etch residue surfaces Polyl0, Polyl5 and Poly30, which are
difficult to wet due to their low surface energy, contact angles reduced from 70-80°
to 20-25°. As expected the pristine low-k1 shows a poor wetting behavior due to its
highly dispersive character. Contact angles could only be reduced to 46-64° using
cleaner C1. This reduction of the contact angles is mainly due to the reduction of
surface energy by surfactant application. The difference between surface energy of
solid and liquid could be decreased and in most of the cases the total energy of the
liquid is now lower than that of the solid. Table 7-7 shows those energy differences

for several solids and cleaning solution B2 and C1 with and without surfactants.
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Table 7-7: Surface energy difference of selected solids and liquids with and without use
of surfactants. A large energy difference resulting from the high surface energy of water
based cleaning solutions prohibits a good wetting of the solid. By application of
surfactants this difference is strongly reduced, which will be favorable to the wetting
behavior of the cleaning solutions on the low energetic solid surfaces.

Water content > 50-80% B2 >80° C1
Solid surfaces J Surfactant-> | W/0 |EG360| S2502 | Tetra [ w/o | EG360 | S2502 | Tetra
o low-k 1 38,1 -0,8 1,8 57 (440]| -0,3 4,6 11,7
§ low-k 1 + ME 30,6 -8,3 -5,7 -1,8 (36,5 -7,8 -2,9 4,2
g % low-k 1+ VE 239 | -150 | -124 | -85 |298| 145 | 96 | -25
g § low-k 1 + Ar8 210 | -179 | -153 | -11,4 (26,9 | -17,4 -12,5 -5,4
:; E‘; low-k 3 41,4 2,5 51 9,0 (473 3,0 7,9 15,0
% g low-k 3 + Ar8 29,6 | -9,3 -6,7 -2,8 [355] -88 -3,9 3,2
é % low-k 3 + 028 -3,2 | 42,1 | -39,5 | -356 | 2,7 | -41,6 | -36,7 | -29,6
SR |lowk4 332 57| 31 | 08 [391] 52 | 03 | 68
é low-k 4 + CO8 21,7 | -17,2 | -14,6 | -10,7 (27,6 | -16,7 -11,8 | -4,7
3 low-k 4 + N28 6,6 |-32,3 | -29,7 | -258 |12,5| -31,8 | -26,9 | -19,8
§ Poly30 305 | -84 -5,8 -19 (364 -7,9 -3,0 4,1
E CA4F88 38,1 -0,8 1,8 57 (440 -0,3 4,6 11,7
g H28 38,7 | -0,2 2,4 6,3 |[44,6 0,3 5,2 12,3
& P PS1 318 | -71 -4,5 -0,6 (37,7 -6,6 -1,7 5,4
g § PS2 25,6 | -13,3 | -10,7 -6,8 [315] -12,8 -7,9 -0,8
% s PS3 81 |-308 | -28,2 | -24,3 |14,0| -30,3 | -25,4 | -183
- cul 347 | 42 | 16 | 23 |406| 37 | 12 | 83
§ 5 |cowp 323 | 66 | -40 | 01 |382| 61 | -12 | 59
é E TiN 257 | <132 | <106 | 6,7 316 127 | 78 | -0,7
= TaN 12,7 | 26,2 | 23,6 | -19,7 | 18,6 | -257 | 20,8 | -13,7
5 low-k 1 + CMP 249 | -14,1 | -11,5 -7,6 [30,8| -13,6 -8,7 -1,6
g OMCTSHM 32,2 -6,7 -4,1 -0,2 38,1 -6,2 -1,3 5,8
Legend

Surface energy difference <5mN/m |5-15mN/m |15-30 mN/m | >30 mN/m
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Table 7-8: Contact angles of the cleaning solutions B2 and C1 on selected solid surfaces.
The addition of surfactants resulted in a clear reduction of contact angles. In many cases
contact angles larger than 80° have been reduced to 20-40°, depending on the surfactant
applied.

Cleaner - B2 Cc1
Surfactant > w/o EG360 | S2502 | Tetra | w/o EG360 $2502 | Tetra

Porous dielectric
etching processes

pristine | 956 | 59,2 55 | 516 | 999 | 467 57,7 | 64,3

low-k 1 ME 773 | 267 | 323 | 36 | 815 | 221 238 | 377
VE 675 | 283 | 326 | 352 | 729 | 162 31,2 | 407

Ar8 656 | 31,7 | 347 | 352 | 591 | 21,2 284 | 3638

Dense dielectric
etching processes

pristine 92,2 41,9 45,5 40,4 93,9 35,2 46 58,6
Ar8 67,3 34,5 30,9 44,4 62,2 21,6 31,4 37

low-k 3

Etch residue sufaces

Poly10 69,9 303 | 403 | 467 | 72 22,2 21,2 | 237

Poly15 736 | 403 396 | 41,3 | 788 | 201 222 | 204

low-k1 | Poly30 786 | 41,4 | 448 | 47,7 | 81,8 | 255 21,3 | 239
Carss 81,2 | 409 | 419 | 483 | 74 41,1 40,4 | 449

H28 78,3 394 | 364 | 435 | 781 | 323 36 44,6

low-k3 | caFss 784 | 424 | 458 | 551 | 71 28,8 382 | 43,1

Porous dielectric
stripping processes

PS1 76,2 28,6 33 296 | 789 | 219 27,6 | 365
low-k 1 PS2 61,3 266 | 357 | 318 | 654 | 207 27,1 | 333
PS3 50,6 31,8 | 416 | 373 | 55 19,7 295 | 374

Metals and barriers

Cul 89,6 32,3 38 43,4 | 95 24,3 351 | 481
cu2 93,4 40,2 386 | 452 | 81,3 27,9 457 | 552

Cowp 89,5 32,4 336 | 37,1 | 785 21 323 | 463
TaN 66,6 25,5 0 17,8 | 14,9 0 0 0
TiN 63,6 23,8 24,9 0 22,9 0 26,5 | 262

Porous dielectric CMP
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Cleaner - B2 C1
Surfactant > w/o EG360 | S2502 | Tetra | w/o EG360 $2502 | Tetra
and hardmask
owek 1 cMP 63 21,8 251 | 335 | 72,9 22,1 14,7 31,9
ow-
OMCTSHM [ 96,9 58,1 54,4 60,5 98,7 44,6 60,7 69,1
Legend
[ <20° | <30° | <50° [ <70° [ <90° | 290°

7.6.1. Influence of wetting optimized cleaning solutions on pattern collaps

forces

Figure x shows calculated values of the pressure acting on the sidewalls of a low-k

dielectric trench structure. The calculation uses the surface energy values obtained

for the cleaning solutions B2 and C1 with addition of the surfactants EG360, S2502

and Tetra compared to the values without surfactant addition for several sidewall

distances. The analysis shows that by reducing the surface energy of the cleaning

solutions the pressure acting on the sidewalls can be reduced by nearly 50% for

critical feature sizes like 30 or 15 nm (Figure 7-23: Calculated pressure acting on

the sidewalls of a low-k dielectric structure for cleaning solutions with optimized

wetting behavior.).
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Figure 7-23: Calculated pressure acting on the sidewalls of a low-k dielectric structure for
cleaning solutions with optimized wetting behavior. By reducing the surface energy of the
liquid the pressure can by reduced by nearly 50% for the most critical dimensions.

7.7. Process advice for a wetting optimized and material compatible
wet cleaning process for PERR

A reduction of the surface energy of a cleaning liquid has been found to be
essential to enable a good wetting of low energetic solid surfaces. By the
application of surfactants in water based cleaning solutions the difference between
the total surface energy values of solid and liquid could be reduced. To apply
surfactant aided cleaning solutions, e.g. within BEOL processing, they have to be
compatible to any materials they will be in contact with. Additional attention has to
be paid to the dynamic behavior of the surfactant, especially looking on highly
dynamic single wafer processes like spin-on or spray cleaning. Long-term stability

in aqueous media and at elevated temperatures should also be ensured.
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The study showed that there have to be made some compromises, e.g. between low
surface energy and fast adsorption or between the preference of water based
solutions and the necessity of an IPA rinse in many cases. The properties of the
surfactant aided solutions not only differ for each surfactant, but also for the
content of water of the solutions. This makes it hard to give a general advice for
processing of surfactant aides cleaners and new combinations of surfactant and

cleaning solution has to be tested comprehensively.

In Table 7-9 the properties of the tested surfactant solutions have been rated
regarding their general behavior of the liquid (dynamics, surface energy, long term
stability) and their compatibility to materials used in BEOL processing. This
includes all optical and electrical properties of a porous low-k dielectric and the
change in sheet resistance of the metals and barrier materials. On a scale of 1 — 4,
where 4 is the best value, the solutions have been rated. The summary of the rating
can be seen in Table 7-9, the detailed rating (scale 1 — 12) can be found in the
appendix section I. Regarding general surfactant behavior all surfactants except
Silox show good to very good ratings. The low values of silox in this case are due

to its low adsorption speed and its instability in aqueous media.

The choice of the rinsing solution turned out to be essential to provide
compatibility to a porous low-k dielectric. Except for Tetra only the IPA rinsed
samples achieved a good rating. In the case of Tetra the DIW rinsed samples have a
slightly lower rating than the IPA rinsed at 35° bath temperature, but show a much
better compatibility than all other surfactants. For the metallic and barrier samples
no clear influence of the rinsing solution can be found. Except two values for Silox
all solutions showed good compatibility to those materials.

Table 7-9: Rating of the cleaner / surfactant combinations studied in this work. This
rating considers dynamic surfactant behavior and long term stability as well as
compatibility issues. The copolymeric surfactant Tetra received the highest ratings
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independent from the cleaning solution it is applied to. This is mainly due to the fact that
using Tetra an IPA rinse is not necessary in any case.

Surfactant > EG360 $2502 Silox Tetra
Cleaner > |B1|B2|C1|B1|B2|C1|B1|B2|C1(B1|B2|C1
Surfactant behavior 989|108 |10(6|5|6|10| 8 |10
Compatibility
porous low-k room temperature
DIW 313333477 ]6]9]10]|10
IPA 7|7 |9|6|6|11(11|10|11|10| 8 |12
porous low-k 35°C
DIW 414 (5|17 |5|5|7|9|6|7|8|9
IPA 9|6 (12|12 8 |11(11]|10|10|11| 7 |12
metals / barriers
DIW 7111/ 9|8|7]|10(8|5|8]|9]|8]|10
IPA 11|18 (10|89 |98 |7 |5[7]|9]|7
Total 50|47 |57|54 /4660|5853 |52(63|58|70
Legend
10-12 7-9 4-6 1-3

The contamination of the surface using IPA as rinsing solution of the copper and
barrier samples has not been included tot hiss rating but should be kept in mind. As
long as the origin of the contamination is not found, an IPA rinse for those
materials could be critical, although it is necessary for removing surfactant residues
from the porous dielectric.
The rating shows that for every cleaning solution studied Tetra achieved the highest
rating. An application of Tetra in cleaning solution C1 with the highest content of
water showed the best results:

e The higher the water content, the more effective is this surfactant.

e Tetra is long term stable and can be mixed in the solution long before

application.
e An IPA rinse is not necessary.

e Tetra can also be applied at elevated bath temperatures.
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e If rinsed with DIW Tetra can also be in contact with copper and barrier
materials without degrading their parameters.

The best results have been achieved at the following process conditions: Tetra with

a minimum concentration of 0,1% at bath temperatures from room temperature up

to at least 35°C, followed by a DIW or IPA rinse for 3 minutes. Also S2502 can be

applied at comparable process conditions, but needs an IPA rinse.
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8.  Summary and Outlook

The combination of a plasma cleaning process and a wet cleaning step is a common
method to remove plasma etch residues consisting of polymeric CFy species and
inorganic species like silicon and copper, which can be backsputtered during the
dry etching of the dielectric stack. With the integration of low-k dielectrics
commonly applied plasma processes for PERR are critical due to their ability to
degrade the low-k dielectric’s electrical and structural properties. As an alternative
wet chemical cleaning processes are considered. The wet cleaning solutions have to
be able to efficiently remove organic and inorganic residue species without
affecting underlying dielectrics or metals. With reaching the 32/22 nm technology
node additional wetting based challenges like pattern collapse or the nonwetting of
small structures will occur. Therefore the development of wet cleaning solutions
for PERR will have to consider the wetting behavior of the solids to be cleaned and

of the liquid solutions to ensure an efficient residue removal.

Determination of surface energies

This work at first focuses on the fundamental understanding of the wetting
properties of materials of the interconnect system like porous and dense dielectrics
after several etching and stripping processes as well as barrier materials copper and
of commercially available PERR solutions. The determination of the surface
energies of solid and liquid as well as both’s polar and dispersive energy
contributions is used to analyze the wetting behavior. It was shown that the surface
energetic character of the dielectrics reacts very sensible towards any variation of

the plasma processes the low-k material is treated with. To the pristine and nearly
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complexly dispersive low-k dielectric a more or less strong polar energy part is
introduced which leads to an increase of the total surface energy of the solid. Both

factors influence whether or not this solid is good wetted by the cleaning liquid.

The analysis showed that by determining the energetic character of solid and liquid
the appropriate combination of both can be found. Once the energetic character of
the cleaning liquid is known, it is possible to make a prediction, whether or not this
solution will be able to wet a certain solid surface without additional wetting tests.
Contact angle measurements of the studied cleaning solutions on several dielectric
samples have proven this assumption. To achieve the best wetting behavior two
factors have to be considered. The total surface energy of liquid and solid has to be
within a comparable range to avoid large energy differences, which are not
favorable to the system and wetting will be difficult or will not occur. Best wetting
can be achieved if the surface energy of the liquid is smaller than that of the solid
and the formation of a large interface lowers the energy of the whole system.
Additionally the ratio of polar and dispersive energy contributions of both media
has to be comparable. This can be clearly seen for the dispersive low-k 1 material,
where no wetting with the highly polar liquid water was possible. This is due to the
fact that the polar energy parts of water are not able to interact with the dispersive
solid surface. For ideal wetting of low energy surfaces, which have not only been
found for etch residue surfaces or pristine low-k dielectrics but also for
electroplated copper, the cleaning liquid has to be low energetic with a comparable
surface energetic character. The analysis showed that especially cleaning solutions
with a large content of water are high energetic and the large energy difference to
most of the studied solids hinders a good wetting. This effect is especially critical if
small via holes are covered with low energetic surfaces like etch residues and

copper.
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One opportunity to overcome the wetting difficulties therefore is the reduction of
the total surface energy of the cleaning liquids. The strategy to achieve this
followed in this work is the application of surfactants, a method only occasionally
studied in the recent years and not extended to a broad range of interconnect

materials.

In addition to the evaluation of the wetting behavior the determination of the
energetic character of the dielectrics turned out to be a fast and very sensible way to
learn about the effects of plasma processes on the surface. The introduction of polar
energy contributions to a formerly dispersive low-k dielectric can be assigned to
the material alteration by plasma damage. Highly polar —OH groups saturating
dangling bonds after plasma processing can cause the increase in polar surface
energy. The analysis showed that the change in surface energy characteristics of the
dielectrics strongly depends on the kind of plasma processes, plasma chemistries,
additives and process durations or whether or not a polymeric surface layer has
been deposited. That is why this method can be used as an additional analytic way
to understand the process of plasma damage and can help to identify the species
causing low-k degradation. But this also means that every change in plasma
processing influences the wetting behavior of the dielectric surface which
additionally to the mostly complex composition of an etch residue surface makes it

even more hard to find a universal cleaning solution.

Application of surfactants

The selection of surfactants for application in PERR solutions not only has to

consider to which value the surface energy of the liquid can be lowered.

Additionally the dynamic behavior, which means how fast the surfactant is able to
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adsorb at an interface, the long term stability in aqueous media, the influence of the
liquid’s temperature and especially the compatibility to the materials the surfactant
will be in contact with have to be analyzed. The surfactants chosen include
nonionics, anionics as well as a fluorinated, a silicon containing and a block-

copolymeric surfactant.

A first selection was done by evaluating the lowest reachable dynamic surface
energy, the adsorption speed of the surfactants mixed in DIW and the formation of
foam, which lead to the exclusion of the anionic and fluorinated surfactants. The
measurements showed that a compromise between high adsorption speed and low
surface energy has to be made. Two nonionic Gemini surfactants, the silicon
containing and the block-copolymeric have been selected for further studies. Mixed
in the cleaning solutions the surfactants showed the highest reduction in surface
energy for solutions with very high water content. The increase in bath temperature
only showed a small influence on the dynamic behavior of the solutions and the
long term stability of the surfactant dynamics was found to be critical for the
silicon containing surfactant. After 7 weeks the dynamic surface energy increased
which can be due to the fact that silicon surfactants tend to be destructed by

hydrolysis.

The compatibility tests including the evaluation of optical, electrical and structural
parameters of a porous dielectric showed that choosing the appropriate rinsing
solution after surfactant treatment is essential. Optical and electrical material
properties have been strongly altered if DIW was chosen for rinsing. FTIR analysis
showed that this may be due to the incorporation of residual surfactant species
within the porous structure of the dielectric. An IPA rinse was able to remove those
species and the material parameters could be nearly recovered. The block-

copolymer is the only surfactant for which the IPA rinse was not necessary, which
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may be due to the large size of the molecule. Increased bath temperature and

variation of the DIW rinsing time did not bring any differences.

The compatibility of the surfactant aided cleaning solutions to copper and barrier
materials has been determined by analyzing the change in sheet resistance of the
solid samples. For copper a good compatibility with medium changes in sheet
resistance was found, independent from the rinsing solution chosen. The barrier
materials TiN and TaN showed a good to very good compatibility to the surfactant
solutions with only minor changes in sheet resistance. Optical microscopy
inspection of the copper and barrier samples showed a surface contamination after
IPA rinsing, whose origin could not be declared till now but which seams not to
have an influence on the sheet resistance. Possible explanations like the formation
of inversed micellar conglomerates, gelation or a chemical reaction of IPA with the

materials are considered.

Finally the determination of the surface energies of the surfactant aided cleaning
solutions showed that the differences of the total surface energies of solids and
liquids could be clearly reduced and in many cases the surface energy of the liquid
now is lower than that of the solid. Contact angle analysis of the surfactant
solutions on several low energetic solids showed much smaller values and an
optimized wetting behavior. The most promising process scheme could be found
for the block-copolymeric surfactant, for which no IPA rinse is necessary, and the

nonionic surfactant S2502 in cleaning solutions with the highest water content.
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Outlook

In this work was shown that the application of surfactants in plasma etch residue
removal is a promising way to ensure effective cleaning results in future
technology nodes. As this is one of the first comprehensive studies on this topic,
the processing has to be further optimized. The surfactant aided cleaning processes
have to meet the requirements of the industry, e.g. the trend to use water based
cleaning solutions. That’s why especially the IPA rinsing solutions have to be
replaced or modified, e.g. by dilution. Another or additional strategy could be the
thermal destabilization of the residual surfactant within the porous low-k structure
by heating up the substrate or by treatment with a high temperature rinse. Residual
gas analysis while heating up the surfactant treated sample would be one approach
to determine whether or not the surfactants have been removed. This could allow
the application of surfactant species, which are actually not compatible to materials
used in BEOL processing or the combination of surfactants to further improve the

wetting behavior and the dynamics of cleaning solutions.

As reported the determination of the surface energetic character of a plasma
processed low-k dielectric can help to evaluate the effects of the plasma on this
surface. As the damage mechanisms of new etching and ashing processes is not
completely understood till now, this analytical method can help to identify the
damaging species within the plasma. This very sensible method will be further
improved and can be extended to additional fields like post-CMP cleaning, the

evaluation of adhesion properties or the effects of k-recovery processes.



Appendix

A Surface energy values of the studied solid surfaces and cleaning liquids

Table A1: Surface energy values of differently processed porous low-k dielectrics

Surface energy [mN/m]

dispersive polar total
low-k 1 28.51 0.12 28.63
ME 26.28 9.81 36.09
VE 12.26 30.52 42.78
CF4 7.69 39.82 47.51
Ar2 6.91 43.91 50.82
Ard 8.49 40.74 49.23
Ar6 8.21 41.77 49.98
Ar8 10.28 35.46 45.74

Table A2: Surface energy values of differently processed dense low-k dielectrics

Surface energy [MN/M]

dispersive polar total
low-k 3 24.15 1.15 25.3
CF4 12.66 26.05 38.71
Ar2 12.87 24.68 37.55
Ard 13.71 23.38 37.09
Ar6 13.54 24.16 37.7
Ar8 14.42 22.68 37.1
022 3.18 64.92 68.1
024 2.41 69.96 72.37
026 2.36 70.92 73.28
028 2.75 67.11 69.86
low-k 4 33.13 0.4 33.53
C02 8.51 34.27 42.78
Cco4 7.92 37.41 45.33
CO6 7.92 37.93 45.85
co8 7.86 37.12 44,98
N22 4.31 55.62 59.93
N24 4.42 55.34 59.76
N26 4.48 54.96 59.44
N28 4.41 55.72 60.13
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Table A3: Surface energy values of dielectric samples after polymerizing etch processes

Surface energy [MN/m]

dispersive polar total
Poly10 24 12.54 36.54
Poly15 25.54 10.72 36.26
Poly30 28.89 7.32 36.21
CAF82 15.81 15.55 31.36
C4F84 18.53 11.5 30.03
C4F86 20.65 8.25 28.9
C4F88 22.74 5.88 28.62
H22 14.06 15.42 29.48
H24 14.66 14.54 29.2
H26 14.79 14.79 29.58
H28 16.38 11.6 27.98
CVDPoly 23.6 2.5 26.1

Table A4: Surface energy values of porous dielectric samples after different stripping processes

Surface energy [mN/m]

dispersive polar total
low-k 1 28.51 0.12 28.63
PS1 24.21 10.66 34.87
PS2 15.33 25.76 41.09
PS3 49.83 8.78 58.61

Table A5: Surface energy values of copper and barrier material samples

Surface energy [mN/m]

dispersive polar total
Cul 20.25 11.72 31.97
Cu2 20.53 9.93 30.46
CoWP 15.75 18.63 34.38
TiN 14.2 26.8 41
TaN 25.2 28.8 54
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Table A6: Surface energy values of a porous dielectric after CMP and of a OMCTS hardmask
layer

Surface energy [mN/m]
dispersive polar total
low-k 1 28.51 0.12 28.63
CMP 15.02 26.83 41.85
OMCTSHM 34.46 0 34.46

Table A7: Surface energy values of the studied cleaning solutions

Surface energy [mN/m]

dispersive polar total
Al 24.3 15.6 39.9
A2 22.3 11.1 33.4
A3 35.5 23.3 58.8
B1 25.2 30.5 55.7
B2 39.7 27 66.7
Cl 29.6 43 72.6

B Contact angle values and comparison of the energetic character of solids and
liquids

Table B1: Contact angle values of the studied cleaning solutions on selected dielectric surfaces

Contact angle values [°]

Al A2 A3 Bl B2 C1
low-k 1 57.9 48.3 99.3 87 97.6 102.1
Poly10 12.2 13 64.1 47.2 69.9 72
Poly15 12.2 10.8 69.1 61.2 73.6 78.8
Poly30 12.3 17 73.6 60.1 78.6 81.8
ME 14.6 12.6 70.7 60.9 77.3 81.5
PS1 26.6 17.5 69 58.2 76.2 78.9
PS2 12.3 0 51.3 43.1 61.3 65.4
PS3 0 6.9 414 36.4 50.6 55
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Figure B1: Energetic character of solution A1 compared with that of selected solid surfaces.
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Figure B2: Energetic character of solution A2 compared with that of selected solid surfaces
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Figure B3: Energetic character of solution A3 compared with that of selected solid surfaces
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Figure B4: Energetic character of solution Bl compared with that of selected solid surfaces
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Figure B5: Energetic character of solution B2 compared with that of selected solid surfaces
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Figure B6: Energetic character of solution C1 compared with that of selected solid surfaces
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C. Surface energy calculation of the PTFE substrate

Calculation of Surface Energy

IFT(s)=23.28 : IFT(s,D)=23.26, IFT(s,P)=0.02

0.5*(1+cos(theta))*IFT(I)/SQRT(IFT(.,D))

-0.1 0.4 0.9 1.4 1.9
SQRT(IFT(I,P)/IFT(I,D))

Figure C1: Plot of the contact angle measurement results on a PTFE substrate; This surface shows
a polar energy part which can be neglected. The value of total surface energy (23.28 mN/m) was
used to determine the dispersive surface energy contribution of the studied cleaning solutions.
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D Compatibility study of the solutions B1, B2 and C1 to a porous low-k dielectric
and copper
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Figure D1: Film thickness and refractive index of the porous low-k before and after cleaning
processes using solutions B1, B2 and C1. The changes in optical parameters have been determined
by spectral ellipsometry and show only marginal changes. So the solutions were found to be
compatible to this dielectric material.
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Figure D2: Sheet resistance values of copper before and after the cleaning process. Only slight
changes in sheet resistance have been found. The cleaning solutions were found to be compatible

to copper.
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B2

Cl

Figure D3: Sheet resistance profiles of copper before and after the cleaning processes. The
mappings show a comparable character for each cleaning solution which implies that there is no

decrease in film thickness.

E Dynamic surface energy values of the studies surfactants mixed in DIW

Table E1: Dynamic surface energy values of EG360 at different concentrations.

EG360 Concentration [%]
Surface age [ms] 0.01 0.015 0.02 0.04 0.06 0.08
20 69.1 67.9 67.6 57.2 52.3 45.6
30 68.1 67.0 66.6 54.9 49.5 44.2
40 67.0 65.9 65.6 52.7 47.7 41.9
50 66.0 64.6 64.0 50.7 45.2 40.5
80 63.3 62.3 61.2 47.8 43.2 38.5
100 62.0 60.9 60.2 46.4 41.5 37.3
150 61.2 58.2 57.6 44.2 40.6 36.2
200 59.6 58.2 57.0 44.2 39.7 35.8
300 57.0 56.2 54.0 42.2 38.2 34.1
500 55.0 53.8 52.4 40.5 36.7 321
700 53.1 52.1 50.5 39.4 35.5 321
1000 51.8 50.7 48.8 38.4 34.9 31.6
1300 50.7 49.9 48.2 375 34.2
1600 49.9 49.0 37.0
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Figure E1: Dynamic behavior of EG360 at different concentrations.

Table E2: Dynamic surface energy values of S104E at different concentrations.

S104E Concentration [%]

Surface age [ms] 0.01 0.015 0.02 0.04 0.06 0.08
20 713 68.2 68.6 57.4 52.1 48.7
30 70.9 67.7 67.4 55.4 50.7 47.6
40 70.4 66.4 66.6 53.6 49.1 46.6
50 70.0 65.2 65.5 52.3 48.2 45.6
80 69.5 62.9 63.1 50.5 46.8 44.3
100 68.7 61.9 61.4 49.4 46.2 43.8
150 67.0 59.2 59.0 48.2 45.4 433
200 67.5 57.8 59.2 48.7 45.7 43.7
300 65.3 57.7 57.4 47.9 45.1 43.5
500 63.0 55.8 55.4 471 444 42.7
700 61.6 55.0 54.4 46.6 44.2 424
1000 59.9 54.2 53.6 46.5 43.7 42.2
1300 59.3 53.6 53.0 45.9 434 421

1600 58.7 53.3 52.7 45.7 43.6
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Figure E2: behavior of S104E at different concentrations.

Table E3: Dynamic surface energy values of S2502 at different concentrations.

$2502 Concentration [%]

Surface age [ms] 0.01 0.015 0.02 0.04 0.06 0.08
20 70.2 66.9 63.1 54.4 50.0 43.9
30 70.2 65.8 61.7 52.6 48.5 42.3
40 69.9 64.4 60.2 50.8 46.9 41.5
50 69.5 63.2 58.6 49.8 45.8 40.9
80 68.8 60.8 56.4 47.5 44.2 39.7
100 67.9 59.3 55.2 46.7 43.0 39.2
150 66.5 56.9 52.6 45.0 423 38.5
200 66.0 56.8 52.9 45.3 42.7 39.0
300 63.8 54.8 51.2 44.4 421 38.5
500 60.9 52.5 49.4 43.3 41.3 38.2
700 59.1 515 48.7 42.9 40.5 37.7
1000 57.3 50.2 47.6 421 40.2 374
1300 56.2 49.6 47.0 421 40.1 374

1600 55.2 48.9 46.5 421 40.0
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Figure E3: Dynamic behavior of S2502 at different concentrations.

Table E4: Dynamic surface energy values of CW100 at different concentrations.

CW100 Concentration [%]

Surface age [ms] 0.01 0.015 0.02 0.04 0.06 0.08
20 70.1 68.4 63.3 56.5 50.0 47.0
30 70.2 67.3 61.5 54.8 48.1 45.5
40 69.9 66.5 60.1 53.2 471 44.0
50 69.4 65.2 58.7 51.7 45.5 431
80 68.6 63.1 56.4 49.5 43.5 40.9
100 67.6 61.9 55.1 48.2 42.2 40.2
150 65.7 59.6 52.8 46.3 40.7 38.8
200 65.3 59.2 52.9 46.3 41.0 38.8
300 63.5 57.3 51.0 44.8 39.6 37.8
500 61.0 55.2 48.9 42.7 38.1 36.6
700 59.5 53.7 47.4 41.7 374 35.8
1000 58.1 52.4 45.9 40.6 36.5 35.1
1300 56.5 51.2 45.2 39.7 36.0 34.5

1600 55.8 50.1 44.4 394 35.5
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Figure E4: Dynamic behavior of CW100 at different concentrations.

Table ES: Dynamic surface energy values of S465 at different concentrations.

$465 Concentration [%]
Surface age [ms] 0.01 0.015 0.04 0.06 0.08
20 64.6 61.0 53.2 52.6 50.1
30 63.4 59.5 51.8 51.2 48.8
40 62.1 58.4 50.3 50.3 47.7
50 61.1 57.2 49.7 49.5 47.4
80 59.2 55.5 48.5 48.3 46.6
100 58.2 54.6 48.2 47.8 46.0
150 56.6 53.2 47.3 471 45.5
200 57.1 53.7 47.7 47.7 46.1
300 55.9 52.8 47.2 47.2 45.8
500 54.4 51.7 46.8 46.6 45.3
700 53.8 51.2 46.5 46.2 44.9
1000 52.9 50.8 46.0 46.2 44.7
1300 52.4 50.3 45.8 46.0 44.6

1600 52.3 50.1 45.8
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Figure ES: Dynamic behavior of S465 at different concentrations.

Table E6: Dynamic surface energy values of S485 at different concentrations.

S485 Concentration [%]
Surface age [ms] 0.01 0.015 0.02 0.04 0.06 0.08
20 69.2 65.0 61.2 60.0 57.0 56.0
30 68.1 64.0 60.3 59.1 56.5 55.7
40 67.2 63.2 59.3 58.5 56.2 55.1
50 66.4 62.6 59.1 57.8 55.5 54.7
80 65.0 61.6 58.3 57.4 55.2 54.4
100 64.2 60.8 57.7 56.9 54.8 54.1
150 63.1 60.0 57.1 56.4 54.4 53.7
200 63.6 60.4 57.8 56.4 55.1 54.5
300 62.1 59.7 57.5 56.6 54.7 54.3
500 61.0 58.9 57.1 56.1 54.8 54.0
700 61.0 58.8 56.5 56.1 54.4 54.0
1000 60.2 58.0 56.4 55.7 54.0 53.7
1300 59.3 57.9 56.2 55.4 54.1 53.7
1600 59.6 57.8 56.1 55.4
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Figure E6: Dynamic behavior of S485 at different concentrations
Table E7: Dynamic surface energy values of GAClauryl at different concentrations.
GAClauryl Concentration
Surface age [ms] 0.02% 0.04% 0.08% 0.10% 0.15% 0.20%
20 69.8 69.7 68.9 69.5 70.5 69.6
30 68.6 68.9 67.7 68.7 70.2 68.3
40 67.4 67.7 66.2 67.2 69.5 67.2
50 66.1 66.9 64.6 65.8 68.7 66.2
80 64.2 64.0 62.9 63.8 67.1 63.8
100 62.8 63.0 61.2 62.4 66.0 62.5
150 60.2 60.4 58.6 60.0 63.7 59.7
200 59.3 59.3 58.0 59.0 62.5 58.8
300 56.5 56.5 55.0 56.1 59.8 56.1
500 52.8 53.3 51.4 52.3 56.4 52.1
700 50.0 50.3 48.4 49.8 53.7 49.2
1000 46.7 47.6 45.5 46.8 50.7 46.1
1300 44.8 45.5 43.4 44.4
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Figure E7: Dynamic behavior of GAClauryl at different concentrations.

Table E8: Dynamic surface energy values of Tetra at different concentrations

Tetra Concentration

Surface age [ms] 0.02% 0.04% 0.08% 0.10% 0.15% 0.20%

20 58.5 58.7 45.0 43.2 41.0 39.9

30 54.8 55.7 43.6 42.3 40.7 39.7

40 52.3 53.2 42.7 41.8 40.4 39.3

50 50.7 51.1 42.6 41.0 40.2 39.0

80 47.9 47.7 41.8 41.1 39.8 39.0

100 46.5 46.9 41.5 40.7 39.5 38.7

150 45.2 45.4 41.1 40.3 39.3 38.5

200 45.1 45.4 41.4 40.7 39.6 38.9

300 44.1 44.4 41.1 40.5 39.5 38.8

500 43.5 43.4 40.7 39.9 39.0 38.3

700 42.9 43.0 40.4 40.0 39.0 38.6

1000 42.5 42.5 40.4 39.7 38.9 38.4
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Figure E8: Dynamic behavior of Tetra at different concentrations.
Table E9: Dynamic surface energy values of Zonyl at different concentrations
Zonyl Concentration
Surface age [ms] 0.02% 0.04% 0.08% 0.10% 0.15% 0.20%
20 71.4 71.6 72 72.5 72.6 72.7
30 71.6 72.1 72.6 72.8 72.8 72.9
40 71.4 72.2 72.2 73.2 72.9 72.9
50 71.7 72.8 72.9 73.4 73.2 73.1
80 72.5 73 73.1 73.6 73.5 73.4
100 72.4 73 73.4 73.8 73.5 73.4
150 72.6 73.1 73.5 73.6 73.7 73.6
200 73.6 74 74.3 74.6 74.7 74.6
300 73.8 74 74.3 74.5 74.6 74.6
500 73.9 74.1 74.4 74.5 74.8 74.7
700 73.8 74.2 74.3 74.7 74.8 74.7
1000 73.7 74.1 74.4 74.7 74.8 74.8
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Figure E9: Dynamic behavior of Zonyl at different concentrations.

Table E10: Dynamic surface energy values of Silox at different concentrations.

Silox Concentration
Surface age
[ms] 0.02% 0.04% 0.08% 0.10% 0.15% 0.20%
20 56.1 55.9 49.9 51 36 33.3
30 54.4 53.6 47.2 48.3 32.1 30.4
40 52.3 51.2 44.3 45.2 30.1 28
50 50.3 49.5 41.5 42 27 26.3
80 46.7 45.3 35.8 36.7 26.3 25.6
100 44.1 42.6 32.8 34 25.3 25.4
150 38.4 37.8 29.6 30.5 24.9 24.7
200 35.9 34.6 27.4 28.3 24.3 23.4
300 31.2 30.2 24.8 25.3 22.1 21.7
500 27 26.1 24.4 24.6 21 20.8
700 24.3 24.1 23.8 24
1000
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Figure E10: Dynamic behavior of Silox at different concentrations.
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F Dynamic surface energy values and long term stability of the studied surfactants

mixed in cleaning solutions

Table F1: Dynamic surface energy values of surfactants in the studied cleaning solutions.

EG360 §2502 Tetra Silox
Surface
age [ms] B1 B2 Cl Bl B2 C1 Bl B2 C1 B1 B2 Cl
20| 51.6 58.1 48.6 50.3 40.8 | 469 | 389 | 416 | 46.2 60.5 [ 49.3
30[ 50.8 57.9 48.0 48.0 57.3 39.9 46.2 36.9 41.2 44.7 59.8 | 48.2
40| 502 | 569 | 473 | 474 | 470 | 383 | 453 | 368 | 408 | 436 | 59.2 | 464
50| 49.5 53.5 45.5 47.2 44.3 38.0 44.7 | 36.1 40.4 42.0 57.4 | 45.8
80| 49.6 51.0 43.0 46.6 46.5 37.1 44.0 | 36.0 40.2 39.4 56.9 | 44.1
100| 48.5 49.3 42.1 46.3 45.5 36.6 | 43.6 | 36.1 | 40.0 38.0 55.4 | 43.3
200 486 | 47.2 | 396 | 466 | 440 | 362 | 439 | 360 | 39.7 | 361 [ 53.8 | 36.8
300 48.2 44.3 37.7 46.2 41.3 35.5 43.7 | 36.3 39.6 34.0 53.8 | 33.3
500{ 47.7 | 414 | 363 | 458 | 391 | 353 | 435 | 360 | 393 | 314 | 481 | 336
700 46.3 41.1 35.0 45.6 38.5 34.9 43.3 36.2 39.2 29.4 45.6 | 29.6
1000 46.2 39.7 34.0 45.4 37.2 34.5 43.0 | 36.2 39.4 27.4 43.0 | 27.0
Table F2: Dynamic behavior of EG360 at elevated bath temperatures.
EG 360
Surface age
[ms] B1RT B1 35°C B2 RT B2 35°C C1RT C135°C
20 51.6 47.6 58.1 55.5 51.0
30 50.8 47.0 57.9 52.1 48.0 50.5
40 50.2 46.2 56.9 50.8 47.3 47.7
50 49.5 45.9 53.5 50.6 45.5 46.5
80 49.6 44.1 51.0 48.2 43.0 44.2
100 48.5 45.5 49.3 46.9 42.1 42.7
200 48.6 44.4 47.2 44.8 39.6 39.2
300 48.2 43.9 443 42.6 37.7 38.8
500 47.7 43.4 41.4 40.6 36.3 37.1
700 46.3 43.8 41.1 40.0 35.0 35.9
1000 46.2 42.4 39.7 39.8 34.0 34.0
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Table F3: Dynamic behavior of S2502 at elevated bath temperatures.
§2502
Surface age
[ms] B1RT B135°C B2 RT B2 35°C C1RT C135°C
20 48.6 47.1 50.3 47.5 40.8 37.6
30 48.0 46.8 57.3 46.5 39.9 36.9
40 47.4 46.3 47.0 38.3 35.8
50 47.2 45.7 44.3 38.0 35.3
80 46.6 45.6 46.5 46.2 37.1 34.8
100 46.3 45.3 45.5 45.5 36.6 34.2
200 46.6 45.1 44.0 41.4 36.2 335
300 46.2 44.9 41.3 40.5 35.5 33.0
500 45.8 44.9 39.1 38.4 35.3 33.0
700 45.6 44.6 38.5 37.5 34.9 32.6
1000 45.4 44.7 37.2 37.0 34.5 32.2
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Table F4: Long term stability of surfactants in cleaning solution B1.

Bl EG 360 $2502
Surface age
[ms] initial condition | after 7 weeks | initial condition | after 7 weeks
20 51.6 51.3 48.6 48.2
30 50.8 50.8 48.0 47.7
40 50.2 49.8 47.4 47.2
50 49.5 49.6 47.2 46.8
80 49.6 48.9 46.6 46.3
100 48.5 48.5 46.3 46.0
200 48.6 48.2 46.6 46.0
300 48.2 47.5 46.2 45.7
500 47.7 47.1 45.8 45.5
700 46.3 46.3 45.6 45.4
1000 46.2 45.2 45.4 45.3
Tetra Silox
Surface age initial
[ms] condition after 7 weeks | initial condition | after 7 weeks
20 46.9 48.5 46.2 56.7
30 46.2 47.6 44.7 56.8
40 45.3 46.3 43.6 56.2
50 44.7 45.6 42.0 56.4
80 44.0 44.3 39.4 56.3
100 43.6 44.2 38.0 56.0
200 43.9 44.1 36.1 56.2
300 43.7 43.6 34.0 56.1
500 43.5 43.5 31.4 56.3
700 43.3 43.4 29.4 56.2
1000 43.0 43.1 27.4 56.1
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Table F5: Long term stability of surfactants in cleaning solution B2.

B2 EG 360 S2502
Surface age
[ms] initial condition | after 7 weeks | initial condition | after 7 weeks
20 58.1 61.1 50.3 49.4
30 57.9 59.9 57.3 47.3
40 56.9 57.9 47.0 45.2
50 53.5 55.7 44.3 43.3
80 51.0 52.2 46.5 40.6
100 49.3 50.5 45.5 39.2
200 47.2 46.5 44.0 37.5
300 44.3 43.6 41.3 36.1
500 41.4 41.3 39.1 35.4
700 41.1 39.8 38.5 34.6
1000 39.7 37.6 37.2 34.1
Tetra Silox
Surface
age [ms] initial condition | after 7 weeks | initial condition | after 7 weeks
20 38.9 67.7 60.5 62.7
30 36.9 67.1 59.8 61.7
40 36.8 66.1 59.2 61.7
50 36.1 65.3 57.4 61.6
80 36.0 63.0 56.9 61.0
100 36.1 61.5 55.4 60.1
200 36.0 55.5 53.8 60.2
300 36.3 51.5 53.8 59.9
500 36.0 48.0 48.1 59.3
700 36.2 45.9 45.6 59.1
1000 36.2 44.3 43.0 58.9
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Table F6: Long term stability of surfactants in cleaning solution C1.

C1 EG 360 $2502
Surface age
[ms] initial condition | after 7 weeks | initial condition | after 7 weeks
20 53.6 40.8 40.8
30 48.0 50.7 39.9 39.4
40 47.3 47.7 38.3 38.7
50 45.5 46.0 38.0 38.0
80 43.0 43.0 37.1 37.0
100 42.1 41.4 36.6 36.5
200 39.6 39.1 36.2 36.1
300 37.7 37.0 35.5 35.7
500 36.3 34.8 35.3 35.2
700 35.0 34.2 349 34.7
1000 34.0 32.7 34.5 34.3
Tetra Silox
Surface
age [ms] initial condition | after 7 weeks | initial condition | after 7 weeks
20 41.6 50.4 49.3 62.5
30 41.2 48.1 48.2 61.9
40 40.8 45.9 46.4 61.6
50 40.4 45.1 45.8 61.8
80 40.2 43.7 44.1 61.8
100 40.0 43.4 43.3 61.4
200 39.7 42.6 36.8 61.3
300 39.6 42.0 33.3 61.4
500 39.3 41.7 33.6 61.5
700 39.2 41.6 29.6 61.3
1000 39.4 41.1 27.0 61.1
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G Compatibility of surfactant solutions to copper and diffusion barrier materials

Table G1: Sheet resistance values of copper, TiN and TaN after
surfactant treatment using different rinsing solutions

Cleaner / Rinse Cul TiN TaN
Reference 1.77E-02 | 3.26E+01 | 2.38E+01
B1 DIW 1.83E-02 | 3.42E+01 | 2.48E+01
B1IPA 1.96E-02 | 3.31E+01 | 2.28E+01
Tetra B2 DIW 1.97E-02 | 3.22E+01 | 2.34E+01
B2 IPA 1.85E-02 | 3.24E+01 | 2.52E+01
C1DIW 1.77E-02 | 3.46E+01 2.25E+01
C1IPA 1.93E-02 | 3.39E+01 | 2.25E+01
B1 DIW 1.90E-02 | 3.20E+01 | 2.23E+01
B1IPA 2.04E-02 | 3.12E+01 | 2.29E+01
Silox B2 DIW 2.01E-02 | 3.10E+01 | 2.14E+01
B2 IPA 1.95E-02 | 3.25E+01 | 2.36E+01
C1DIW 1.80E-02 | 3.19E+01 | 2.19E+01
C1IPA 1.97E-02 | 3.13E+01 | 2.06E+01
B1 DIW 2.26E-02 | 3.37E+01 2.44E+01
B1IPA 1.78E-02 | 3.24E+01 | 2.36E+01
EG360 B2 DIW 1.80E-02 | 3.13E+01 2.37E+01
B2 IPA 2.03E-01 | 3.19E+01 | 2.42E+01
C1DIW 1.91E-02 | 3.17E+01 | 2.35E+01
C1IPA 1.79E-02 | 3.36E+01 | 2.38E+01
B1 DIW 2.15E-02 | 3.32E+01 | 2.44E+01
B1IPA 1.96E-02 | 3.21E+01 | 2.53E+01
$2502 B2 DIW 2.01E-02 | 3.22E+01 | 2.41E+01
B2 IPA 3.51E+02 | 3.17E+01 2.48E+01
C1DIW 1.92E-02 | 3.29E+01 | 2.46E+01
C1IPA 1.88E-02 | 3.11E+01 | 2.42E+01
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H Compatibility study of surfactant aided cleaning solutions on porous low-k

dielectrics — FTIR data

1

Relative-intensi

-0.02

0.024

[ —[—IPA_only

—FReference

I D e e e R
_

_
| | |
0 500 1000 1500

Wayeoumber{ear 19

Figure H1: FTIR spectra of the porous low-k dielectric in pristine condition and after treatment

with IPA.
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Figure H2: FTIR spectra of the porous low-k dielectric before and after treatment with EG360 and

different rinsing solutions.
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Figure H3: FTIR spectra of the porous low-k dielectric before and after treatment with S2505 and

different rinsing solutions.
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Figure H4: FTIR spectra of the porous low-k dielectric before and after treatment with Silox and

different rinsing solutions.
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Figure HS: FTIR spectra of the porous low-k dielectric before and after treatment with Tetra and

different rinsing solutions.
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Figure H6: FTIR spectra of the porous dielectric before and after treatment with EG360 mixed in

the studied cleaning liquids and DIW as rinsing solution.
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Figure H7: FTIR spectra of the porous dielectric before and after treatment with EG360 mixed in

the studied cleaning liquids and IPA as rinsing solution.
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Figure H8: FTIR spectra of the porous dielectric before and after treatment with S2502 mixed in

the studied cleaning liquids and DIW as rinsing solution.

I

_ _

-ttt ——4—— - Rl
_

!

_

_

|||||||||||||||||||||||||| -a0’

—
|
|

_|
|
|
|

R e

| | | | | | |
Y1 ur

| | | | | | |
—— bttt ——F—— ===t —— w1
_ _ _ _ _ _ _ AT 20525 10—
_ ARID 20525 29—
_ _ _ _ _ _ _ B3} —
_

-t ——+—— - — — - mia zoses 19— —ta0
S B e o v

Relative intens




Appendix H

194

Relative intensity

0181

0164

0.144

0124

0.1

0.06+

0.04

0.02-

-0.02

F
|
|

-1l ]

T 1T 7T 1 1 T
|xm:m__\m:nm _ _ _ _ _ _

| | —B1 22507 1PA S T S
|mmmmm8_u>|_ . T a . T
—ct1 sz ipal| | _ _ _ _ _

— = — F—— -ttt —-—t——q4 ——

_

|

_
II_IIIFIILIII_IIIFIII_II

_

1000

1300

2000 2500

W) a1
‘Wavenumber [cm™]

3000

3200

4000

43200

Figure H9: FTIR spectra of the porous dielectric before and after treatment with S2502 mixed in

the studied cleaning liquids and IPA as rinsing solution.
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Figure H10: FTIR spectra of the porous dielectric before and after treatment with Silox mixed in

the studied cleaning liquids and DIW as rinsing solution.
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Figure H11: FTIR spectra of the porous dielectric before and after treatment with Silox mixed in

the studied cleaning liquids and IPA as rinsing solution.
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Figure H12: FTIR spectra of the porous dielectric before and after treatment with Tetra mixed in

the studied cleaning liquids and DIW as rinsing solution.
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solution B1 at elevated bath temperature.
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I Rating of the surfactant aided solutions regarding wetting behavior and material
compatibility

Table I1: Rating of the surfactant aided solutions including dynamics, surface energy, stability
and material compatibility.

Surfactant -> EG360 52502

Cleaner - Bl B2 Cl B1 B2 Cl
Surface energy 2 3 3 2 3 3
Dynamics 3 1 2 4 2 3
Long term stability 4 4 4 4 3 4
Total 9 8 9 10 8 10
Compatibility to porous low-k DIW / IPA
Room temperature
n 1/3 1/2 1/3 1/4 1/2 1/4
k 1/2 1/4 1/4 1/1 1/3 1/4
) 1/2 1/1 1/2 1/1 1/1 2/3
Total 3/7 3/7 3/9 3/6 3/6 4/11
35°C
n 1/4 1/3 1/4 1/4 1/4 1/3
k 1/2 1/1 2/4 3/4 1/2 1/4
) 2/3 2/2 2/4 3/4 3/2 3/4
Total 4/9 4/6 5/12 7/12 5/8 5/11
Compatibility to metals / barriers
Cu 1/4 4/1 2/3 1/1 1/3 2/2
TiN 3/3 3/3 3/3 4/4 4/3 4/3
TaN 3/4 4/4 4/4 3/3 2/3 4/4
Total 7/11 11/8 9/10 8/8 7/9 10/9
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Surfactant > $2502 Silox Tetra

Cleaner > Cl Bl B2 C1l Bl B2 Cl
Surface energy 3 4 2 4 2 3 3
Dynamics 3 1 1 1 4 4 4
Long term stability 4 1 2 1 4 1 3
Total 10 6 5 6 10 8 10
Compatibility to porous low-k DIW / IPA DIW / IPA
Room temperature
n 1/4 1/4 1/4 1/4 3/4 3/2 3/4
k 1/4 3/4 3/4 3/4 3/4 4/4 4/4
J 2/3 3/3 2/2 2/3 3/2 3/2 3/4
Total 4/11 7/11 7/10 6/11 9/10 10/8 10/12
35°C
n 1/3 1/4 3/4 2/4 2/4 2/3 2/4
k 1/4 3/4 3/3 1/3 2/4 3/2 4/4
J 3/4 3/3 3/3 3/3 3/3 3/2 3/4
Total 5/11 7/11 9/10 6/10 7/11 8/7 9/12
Compatibility to metals / barriers
Cu 2/2 2/1 1/1 4/1 3/1 1/3 4/2
TiN 4/3 4/3 2/4 3/3 3/4 4/4 2/3
TaN 4/4 2/4 3/2 1/1 3/2 3/2 4/2
Total 10/9 8/8 5/7 8/5 9/7 8/9 10/7
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1)

2)

3)

4

5)

6)

The removal of plasma etch residues after dielectric patterning is necessary
to avoid high contact resistivities, to keep the critical dimensions of the
interconnect system, to provide good adhesion of subsequent layers and to

inhibit copper dif*gfusion into the insulator.

Plasma based cleaning processes are critical towards dielectrics with a low
k-value containing organic species. Carbon depletion and the densification
of the surface near areas alter the dielectric’s properties and lead to moisture

uptake.

The substitution of plasma cleaning processes by wet chemical cleaning

could be an alternative to avoid dielectric plasma damage.

With reaching the 32/22 nm technology nodes trench and via dimensions
will decrease to < 50 nm. This leads to new wetting based effects in BEOL
wet cleaning like nonwetting of small features, pattern collapse and limited

mass transport.

By determining the surface energetic character of solid and liquid the
appropriate combination can be found to provide the best wetting. The more
equal the energetic characters of both media are, the better will be their

wetting behavior.

SiCOH type low-k dielectrics in pristine conditions are low energetic with a
negligible polar energy contribution. Plasma processes alter this energetic

character and introduce a polar energy part to the surface. The value of this
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7

8)

9)

energy part strongly depends on the kind of plasma process, it’s duration and

the chemical composition of the plasma.

CF, etching processes with addition of oxidizing species as well as oxidizing
ashing processes introduce the largest polar energy contribution and lead to
a strong increase in total surface energy of the dielectric from around 30
mN/m to more than 70 mN/m. A medium polar energy part is introduced by
adding N,, Ar or CO to the etching process. The impact of the additives on
the energetic character of the dielectric is independent from their gas flow.

The addition of C4Fg and H, to the CF, plasma also resulted in the
introduction of small polar energy contributions, which have only slight
effects on the total surface energy. The polar energy part decreases and the
dispersive energy part increases with increasing gas flow or process
duration. This is declared by the formation of a polymeric surface layer,

whose chemical composition changes with gas flow and process duration.

Due to the fact that the dielectric surface reacts very sensible to any
modification of the plasma process they are treated with, the determination
of the surface energies of the solid can be used as an analytical method to
indentify whether or not the dielectric was altered by the plasma process.
This method is an easy and fast way to help to identify damaging species or

the formation of a polymeric layer at the dielectric’s surface.

10) Polymeric etch residues were found to be low energetic and therefore

difficult to wet by high energetic liquids. The introduction of polar energy
contributions by plasma processing enhances the ability of such a liquid to

wet this solid surface, although this means that the dielectric has been
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degraded by the process. Low surface energies have also been found for

copper, TiN and OMCTS hardmask layers.

11) An appropriate cleaning solution for a certain solid surface in BEOL

processing can be found without additional wetting tests by knowing the

surface energetic character of both media.

12) Cleaning solutions with a high content of water are high energetic and have

to be optimized in their wetting behavior to be applicable to the low
energetic surfaces in trenches and vias after etching. The lowering of the

surface energy of the cleaning liquids will improve their wetting behavior.

13) The lowering of the cleaning liquid’s surface energy can be achieved by the

application of surfactants. This approach has been studied only occasionally
in the field of plasma etch residue removal. It’s advantage compared to other
wetting optimized processes like the application of supercritical fluids is the

ability to use standard wet cleaning equipment and processing sequences.

14) Besides the lowest reachable surface energy of the liquid the dynamic

behavior of the surfactant solutions is considered to make an appropriate
selection. It was found that a compromise between high adsorption speed
and low surface energy has to be made. Nonionic Gemini type surfactants
with a low or medium HLB value as well as a siloxane based surfactant and
a copolymeric molecule have been selected. The studied anionic surfactants
have been excluded due to their tendency to produce foam in dynamic
cleaning processes. A fluorinated surfactant has been excluded due to its

very low adsorption speed.
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15) The surface energy lowering effect of the surfactants depends on the water
content of the cleaning solution. A higher water content results in a more

effective decrease of surface energy.

16) The surfactant solutions can also be applied at elevated bath temperatures
up to at least 35°C without modification of their dynamic behavior or
surface energy value. Long term stability of at least 7 weeks in a cleaning
solution was proven for the nonionic surfactants and for the copolymeric
species in two of three cleaning solutions. The silicon containing surfactant
is not long term stable and showed a much lower effectiveness after 7

weeks.

17) By choosing IPA as rinsing solution the surfactant aided cleaning liquids
show a good compatibility to porous low-k dielectrics. Rinsing using DIW
was not able to remove surfactant residues from the porous dielectric
structure. This lead to the degradation of the electrical parameters of the
dielectric and was shown by FTIR analysis. DIW rinsing was only effective

for the copolymeric surfactant which could be due to its large molecule size.

18) The surfactant aided cleaning solutions showed a good compatibility to
copper and barrier materials independent from the rinsing solution chosen. A
surface contamination on copper and barrier materials after IPA rinsing

could not be declared till now.

19) By application of surfactants the difference of the energetic character of the
solids in BEOL after plasma processing and the cleaning liquids was
lowered which lead to a clear decrease in contact angle values and therefore

provides an optimized wetting behavior. A promising and compatible
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processing scheme was found for the copolymeric surfactant: minimum
concentration of 0,1% at bath temperatures from room temperature up to at
least 35%, followed by a DIW or IPA rinse for 3 minutes. Calculations have
shown, that the decreased surface energies of the liquids are also able to
reduce the pressure acting on trench sidewalls and may therefore help to

overcome pattern collapse of low-k dielectric features.

20) Optimized wetting behavior and material compatibility of surfactant aided

cleaning solutions was found to be achievable and helps to overcome
wetting issues occurring in 32/22 nm technology. Future studies have to
include further development of suitable rinsing solutions to meet the
requirements of industry to avoid the usage of organic solvents. New rinsing
solutions could also prohibit the surface contamination found for copper and

barrier materials after IPA rinsing.
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