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1. Introduction

1. Introduction

1.1 Copper

In 1999 Lloyd mentioned, that copper (Cu) was, is and will be the future for the semiconductor industry
[1,2]. With this statement, he already realized that the standard aluminum (Al) metallization cannot satisfy
the growing demands for more powerful devices. For years, aluminum was the standard metallization
material for all semiconductor devices. However, Cu outmatches Al concerning current carrying capacity
and specific resistance a lot. For the ongoing geometry shrink, these features are very important to match
the reliability needs for the semiconductor devices. The resistivity of Cu is approximately 37% lower
than the resistivity of Al [2]. The only disadvantage of Cu consists in the interaction with the atmospheric
oxygen (O) and the missing self-passivation characteristic of the Cu oxide layer. Al also builds up an
oxide layer (Al,Os), but this dense surface layer acts as a self-passivation layer and prevents Al from
corrosion and diffusion through the SiOs dielectric [3]. Beside the fact that Cu is prone to corrosion,
device degradation is caused by the Cu diffusion through the silicon dioxide (SiO») dielectric [3].
Therefore, process improvements such as additional diffusion layers were necessary for the introduction
of Cu. However, because of the demand for faster and more powerful devices at a simultaneous
geometry shrinking, the change to Cu as metallization material was needful. Based on the review of
Waldrop et al. [4], the development of the device shrinking indicated by the number of transistors per

chip and the increasing processor power in the past decades are illustrated in Fig. 1.1.
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Figure 1.1. Development of transistors per microprocessor chip and the processor power in the past decades based on

Moore's law [4].

For Al, the device degradation by electromigration limits the applicability for such devices. Due to the

current flow, a material transport in direction of the electron flow direction can be observed which
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provides areas with a depletion and areas with an accumulation of the metallization material. This effect
is schematized in Fig. 1.2. In his research showed von Glasgow [5] that for the Cu metallization a
maximal current densities of 30 mA /um? could be achieved whereas for the Al metallization the maximal
current densities were in the range of 2 mA/pm? The much better resistivity against electromigtation is

a basic requirement for the applicability in faster and smaller devices.

material

. . material accumulation
current flow direction depletion
—
cathode (-) € anode (+)

At the beginning of a current load After a current load

Figure 1.2. Principle of the electromigration showing the circuit path before (left) and after (right) an electromigration

damage [5].

Beside the metallization, the interconnection technology in the packaging process is also an important
factor for the performance and reliability of the device. Although Cu has found one’s way into the
semiconductor manufacturing as metallization material, the mostly used interconnection material to
connect a semiconductor chip and a leadframe is gold (Au) [6,7]. The reasons providing Au as
interconnection material are benefits such as self-cleaning, a high yield rate, flexibility and reliability [8].
In integrated circuit (IC) packaging the three principal electrical interconnection methods are flip-chip,
tape-automated bonding and thermosonic wire bonding, at which the thermosonic wire bonding alone
has been applied for more than 96% of the IC interconnections [9]. By this reason, this work focuses on

the thermosonic wire bonding technology.

1.2 Thermosonic Wire Bonding

In IC packages the most popular electrical interconnection method is the thermosonic wire bonding.

The connection is achieved by the combination of pressure, temperature and ultrasonic vibrations.

The general process flow of the wire bonding is depicted in Fig. 1.3. The bonding wire is mounted in a
ceramic capillary. At first a so called free air ball (FAB) is formed by electric flame-off (EFO) which

signifies that a high voltage spark melts the end of the wire.

In a next step the formed FAB is forced down to a preheated bond pad with a defined contact pressure.
In addition, at the contact point the capillary is excited by an ultrasonic vibration. These vibrations are
adopted to improve the connection of the FAB and the bond pad. For the implementation of the

thermosonic wire bonding based on a Cu wire connected to a Cu bond pad, the oxidation of Cu must
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wire  capillary
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Figure 1.3. Process flow of the thermosonic wire bonding

be considered. By reviewing the process flow of the bonding process in Fig. 1.3, it can be concluded that
the FAB [10] and the bond pad [11] are mainly influenced by the oxidation because both are exposed to
an increased temperature treatment. The oxidation of the FAB is closely linked to its formation process.
Due to the melting of the Cu wire and the subsequent solidification to the FAB a probable oxidation
has to be considered. Recent studies have been focused on the FAB formation under an inert gas
atmosphere to minimize or even prevent the FAB oxidation completely [12,13]. Usually a mixture of 5%
hydrogen (Hs) and 95% nitrogen (N2) or Argon (Ar) are used for the shielding gas. The hydrogen in the
gas mixture reduces the oxide on the wire surface during the EFO process. Pequegnat et al. [14]
investigated the influence of the gas type and the corresponding flow rate on the FAB formation. The
study illustrated the importance of the hydrogen for the shielding gas because by using only N> a severe
oxidation of the FAB could be observed. Besides applying a special shielding gas mixture with defined
flow rates, the applicability of palladium (Pd) plated Cu wires was also researched in former
investigations. Kaimori et al. [15] and Lim et al. [16] showed the improved reliability of Pd-plated Cu
wires bonded on aluminum bond pads. In addition, the publication of Zhang et al. [17] confirmed that
the Pd coating minimizes the oxidation of the formed FAB. However, it was also observed that an

inhomogeneous Pd distribution in the FAB could influence the reliability of the bond connection.

Much research dealing with Cu ball bonding has been focused on the process parameters for a Cu FAB
on an Al bond pad [18-21]. By using these materials, the formation of intermetallic compounds is an
important issue. Zhong et al. [19] mentioned that the growing speed of the intermetallic compound
(IMC) between Al and Cu 1s much lower than that between Al and Au, leading to lower electrical contact
resistance, less heat generation, and better reliability and device performance, compared to Au/Al bonds.
In a review Breach et al. [22] examined the material aspects of the Cu/Al and Au/Al compound. Based
on this review the improved electrical performance is illustrated in Fig. 1.4. Additionally, the growth of

the intermetallic compound is an important reliability factor for the mechanical integrity of the bond
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Figure 1.4. Resistivity of the various intermetallic compounds by providing a (a) Cu bond wire on an Al pad or (b) an Au

bond wire on an Al pad. The data are based on the publication of Breach et al. [22].

connection [23]. The majority of recent studies has presented the growth behavior of the Cu/Al
intermetallic compound [21-27]. The lower resistivity of the Cu/Al intermetallic compounds compared
to the Au/Al compound is obvious and clarifies again the advantages of Cu as bonding material.
However, Fig. 1.4 also presents that the application of Al as bond pad can lower the electrical

performance because the resistivity is always increased compared to the pure material.

In a further development, the process must be improved to enable the bonding connection of a Cu FAB
on a Cu bond pad. For the thermosonic wire bonding process the leadframe with the bond pad must be
heated up. More specifically, a stage temperature of 150 °C to 200 °C is needed for Cu wire bonding
[19]. In case of Cu as bond pad material such a temperature treatment immediately provokes an oxidation
of the bond pad surface which influences the quality and the reliability of the bond contact. Chuang et
al. [28] summarized in their work that copper oxide on the surface cannot be broken or removed by the
ultrasonic power during the thermosonic bonding process to achieve a reliable Au-Cu bond. The
oxidation of the bond pad is not only limited to the actual bonding process. Ho et al. [29] demonstrated
that the surface oxidation already started at the wafer level and cannot be prohibited by using a vacuum
oven or a nitrogen environment during the further processing. Hence, for the introduction of a direct

Cu-Cu bond process the oxidation of the Cu bond pad must be further researched.

By using a passivation layer for the Cu bond pad, the problems related to the surface oxidation could be
bypassed. Numerous experiments have established that different passivation schemes such as thin
chromium (Cr) , titanium (Ti) or Al film [28,30], copper-silicide layers [31,32] or self-assembled
monolayer [33] can be used to prohibit the Cu oxidation. In detail, possible approaches for the protection
of the Cu surfaces are discussed in a subsequent section. Related to the thermosonic bonding process

and the limitation caused by IMC presented in Fig. 1.4, Aoh et al. [30] found out that a thin passivation
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layer can be removed using ultrasonic power during the bonding process enabling the connection of an
Au wire onto a fresh Cu pad surface. In addition to the research concerning passivation methods for the
oxidation protection, Jeng et al. [34] introduced an alternative approach by researching the influence of
Cu oxide on top of the Cu bond pad. It could be demonstrated that an oxide layer grown by preheating
the Cu bond pad under controlled conditions resulted in the same bonding strength than a T1i passivation
layer. However, their findings are related to the gold-copper bonding process and they cannot be easily
transferred to the Cu-Cu process. Nevertheless, such publications show that the characterization of the

oxide growth must be considered in the further research.

Beside the surface modification of the Cu bond pad, microstructural information such as grain size and
orientation of the free air ball formed by the electric flame-off process are very important factors. Hang
et al. [35] inspected the recrystallization process of the Cu FAB and showed the evolution of the
solidification process as seen in Fig. 1.5. It could be observed that a large number of fine subgrains was
formed at the ball periphery. The relation between yield stress and grain size is described mathematically

by the Hall-Petch equation [35,36],

Oy = 0p + 5 (1.1)
GB

where 0, is the field strength, 0y is a material constant for the starting stress, ky, is the strengthening
constant specific for each material. The influence of the grain size is introduced by the average grain size
diameter Dgp. Based on the Hall-Petch law it was predicted that the outer FAB is harder which could
produce more stress during the bonding process. Tan et al. [37] observed that Cu-Cu connections with
a grain growth across the bonding interface leads to much higher tensile strength. A varying

microstructure at the outer FAB as shown in Fig. 1.5 based on [35] could limit such a grain growth.

Solid Solid Solid

)

Phase 1 Phase 11 Phase 111 Phase IV

Figure 1.5. Schematic of the solidification process and the resulting recrystallization in the Cu FAB according to [35]
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1.3 Copper oxide

The Cu oxidation is an important process for understanding the Cu corrosion. There are two stable
oxide phases, the cuprous oxide or cuprite Cu2O and the cupric oxide or tenorite CuO. Their different
characteristics can already be observed in their different color. The cuprous oxide Cu2O is known to
form a reddish surface color, whereas the cupric oxide CuO grown on a Cu surface is black [38].
However, these observations can only be used for a first estimation. For the exact characterization of
the oxidation state further analytical methods must be used. Cabrera and Mott [39] introduced a theory
regarding the oxidation of metals and also of Cu. They assumed in their model that the oxide film grows
in layers uniformly. Many years later, Yang et al. [40] demonstrated that the Cabrera-Mott model cannot
be valid for the Cu oxidation. They presented that the Cu oxide film nucleates and grows as oxide islands,
not as a uniform layer. It is generally accepted that the growth of the oxide phases, Cu2O and CuO, can
be attributed to different temperature regions. Derin et al. [38] observed the oxide film grown on Cu by
thermal oxidation at 125 °C and could assign the oxide film to the CuzO phase. After a further increase
of the temperature to 140 °C the main oxide phase remains to be CuzO [41]. Gosh et al. [42] found out
that at temperatures below 200 °C the CuyO phase is dominant. For temperatures exceeding the 200°C,
CuO starts reacting with Oz and forms the CuO phase. This observation could be confirmed by

Honkanen et al. [43].

The different transitions of the oxidation states based on the reaction equations are detailed in Fig. 1.6.
In addition, the topographic study shown in Fig. 1.7 could point out that the grain size of the CuO oxide
is much larger than the grain size of the Cu2O oxide. Referred to the results of Honkanen et al [43], a
root-mean-square (RMS) surface roughness of 26 nm to 33 nm was stated for CuO and a much lower

RMS roughness of 2 nm to 8 nm was named for CuxO.

4 Cu+ 0, - 2 Cuy0 2 Cuy0 + 0, — 4 Cu0
2Cu+ 0y - 2Cul

Figure 1.6. Oxidation states of the Cu surface by reacting with O3 based on the shown reaction equations.
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160 RS

\ xS

Figure 1.7. Topography images of a Cuz0 oxide and a CuO oxide as presented in [43].

Beside the main oxidation phases different researchers have mentioned the presence of the CuzO» oxide
phase [44-47]. The Cu;O; oxide phase is a metastable defect structure of the CuzO oxide phase. In the
study of Lefez et al. [44] it was shown that the formation of CuO out of CuO occurs via the intermediate
state CuzOs. Therefore, such a defect structure could exist as interfacial layer. The detection of this
interface oxide CusOz was taken into account by Mencer et al. [47]. By using sputter depth profiling,
Cu302 is determined to be the oxide in the ion impact altered layer. However, the defect structure CuzO2

could also originate from the ion sputtering damaging the present oxide layer.

Mostly, the researched Cu oxides were grown under controlled conditions such as pressure, oxygen
content and temperature to explore the oxidation kinetics [46]. Furthermore, in addition to the thermal
oxidation different methods for the oxide growth were investigated such as plasma evaporation [48], RF
reactive sputtering [42] or chemical deposition [49]. Beside the reliability issue of the Cu oxide for the
semiconductor manufacturing, the Cu oxides are investigated as solar cell material [50]. Hence in most
cases, the aim of using controlled conditions and different deposition methods is the generation of a
defect-free oxide layer for the photovoltaic application [51]. The study as possible material for
photovoltaic power generation can be explained by the semiconducting properties of the Cu oxides.
Their p-type conductivity and the different band gaps are shown in different experiments [49,52,53]. The
observations of the oxide topography [43,53] show that the Cu surface is modified in a nanoscale
structure by the oxidation. Therefore, it is evident that for a more advanced investigation of oxidation
and topographic features, nanoscale characterization techniques play a key role for the further research
and must be focused in this work. The mainly used methods in the literature are summarized in one of
the next introducing sections. As the oxidation of the Cu surface is such a striking feature, numerous
investigations have addressed the protection of the Cu surface. In the next section, various approaches

to protective layers for the Cu surface are reviewed.
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1.4 Oxidation protection of copper surfaces

The protection of copper surfaces is an important and advantageous procedure for many different
applications to achieve a reliable and stable surface along with the development of nanotechnology and
device miniaturization. Especially for the application of subsequent process steps such as connection
techniques, the protection of the Cu surface is an important factor. For example, Tan et al. [37] observed
that the grain growth across the bonding interface is significantly limited by the surface oxide forming a
barrier. Consequently, an additional process step for a protective cap on the bond pad can be introduced
to bypass a probable oxidation of the Cu pad [11]. Ratchev et al. [54] pointed out that materials such as
Al, nickel (Ni)/Au or Ni/Pd/Au fulfill the demand as protective cap on the Cu pad. The cap layer
thickness was specified to be 800 nm for Al, 3 um/80 nm for Ni/Au and 5 um/500 nm/80 nm for
Ni/Pd/Au. However, by using such comparatively thick protection layers, the formation of intermetallic
compounds at the interface must be considered. Due to these various materials used, the formation of
intermetallic compounds is rather complex and difficult to predict. However, the growth of the
intermetallic compound is an important reliability factor for the mechanical integrity of the bond
connection [23]. The majority of recent studies have presented the growth behavior of the Cu/Al
intermetallic compound [21-26]. Although such layers of micrometer thickness can successfully protect
the Cu surface, coatings of nanometer thickness would minimize the possible growth of transition phases
and additionally, they would reduce dimensional modifications, costs and weight. The challenge for novel

coating techniques is to achieve a high protection efficiency while minimizing the coating thickness.

Beside the deposition of protective caps, Li et al. [55] studied the oxidation protection by alloying a
copper film with titanium (Ti), palladium (Pd), chromium (Ctr) or aluminum (Al). They could
demonstrate that the oxidation rate of the Cu alloys is significantly reduced, but it could also be shown
that the alloys provide an increased sheet resistance which lower the electrical performance. In addition,
the retarding of the oxidation rate is closely linked to the compound formation and thus, there must be

more effort involved in the formation process.

A further approach is the implementation of copper silicide passivation layers. Hymes et al. [31,32]
researched in their studies the formation of Cu silicides, CusSi and CusSi, on top of a 400 nm Cu film.
They found out that over time and temperature the resistance is increased which reflects that a
compositional development is occurring. Two different diffusion processes could be observed over time.
Silicon (Si) diffuses to the surface where it oxidizes to form a silicon dioxide (SiO») layer on the surface
and additionally, Si diffusion into Cu increased the resistivity of the underlying Cu layer. Although the
silicide layer can protect the underlying Cu surface from oxidation, the different diffusion processes
lower the electrical performance and the varying composition of the silicide layer can provide different

surface properties for the bonding process.
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In recent publications, aluminum oxide Al,Oj3 was researched as protection layer for the Cu surface. In
the review regarding the chemical vapour deposition of various material compounds, Choy [56] stated
that the ceramic material AlOj3 can act as protection against corrosion and oxidation. Applied to the
protection of a Cu surface, Chang et al. [57] and Mirhashemihaghighi et al. [58] implemented an Al,O3
protection layer deposited by an Atomic Layer Deposition (ALD) process. They showed in their studies
that in general a 10 nm ALOj3 layer provides a feasible oxidation protection, but the ALD process
parameters are very critical. Defects in the protective film could allow oxygen penetration and the attack
of the undetlying Cu surface [57]. Beside these challenges, Kukli et al. [59] investigated the modification
of the mechanical properties due to the protective layer of the ceramic material AL, Os. The mechanical
strength and resistance of the substrate material can be atfected positively by the deposited Al,O3 film.
However, it is worth noting that the mechanical properties of the film may significantly complicate a

reliable bonding process.

Similar outcomes could be achieved by using graphene as protective layer on Cu surfaces. In various
experiments, such layers provide promising results on Cu [60-63]. Kirkland et al. [60] as well as Prasai
et al. [63] introduced in their research that single layer graphene as well as multi-layer graphene e.g.
graphite can serve as barriers to electrochemical corrosion. Additionally, the protective effect caused by
the atomic graphene layer goes along with an improved mechanical stability of the protected surface.
Different researcher published in their study that a graphene layer effects an improved wear resistance
of the coated surface [64,65]. However, especially for further applications of any interconnection
methods, the modified mechanical stability of the surface may limit significantly the ability for applying

such processes.

In contrast, encouraging results could be shown with very thin passivation layers deposited onto the Cu
surface. In their studies showed Aoh et al. [30] that a 3.7 nm thick titanium passivation layer can protect
the Cu surface and provides excellent bondability and strong bonding-strength of an Au-Cu bond. They
concluded that such a thin passivation layer can be removed using ultrasonic power during the
thermosonic bonding process. Therefore, novel coating materials for the application in the Cu-Cu
bonding process may be deposited as a few nanometers thick protective layer to avoid the growth of
interfaces and to achieve the pure Cu-Cu transition. The challenge for such thin layers is to achieve a
high protection efficiency while keeping the coating thickness minimal at the same time. Furthermore,
the deposition process should be easy to be implemented in the device manufacturing process structure

and simultaneously it should not be time-consuming.

For this reason, the suitability of sputter coatings which are well known for the application in scanning
electron microscopy experiments must be investigated. Former studies by Stokroos et al. [66] showed
that various sputter materials provided different structural details such as particle size and density.

chromium (Cr) provides a very smooth coating, but it is known that the Cr layer degrades in ambient
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environment and can oxidize rapidly. Noble metals such as gold (Au) or platinum (Pt) could yield a
surface coating inert with the ambient environment. Pt coatings tends to offer a much smaller grain size
compared to an Au coating layer. Beside protective layer consisting of metals, carbon coating layer can
be an interesting alternative to achieve very thin and stable protection layers. Especially for depositing
thin carbon layers Ion-beam sputtering techniques must be used because DC magnetron coaters tend to

build up non-conductive diamond-like carbon layers with improved mechanical stability [67].

As an alternative to the previous introduced protection layers, it is known from the literature that thin
organic Self-Assembled Monolayer (SAM) can act as effective barrier to protect metal, in general and
Cu, in particular, from corrosion [29,33,68-71]. In a study related to Cu-Cu thermo-compression
bonding Tan et al. [37] observed that Cu surfaces passivated with a SAM film facilitate the grain growth
across the bonding interface. The surface oxidation could be identified to form a barrier preventing such
a grain growth. Therefore, they concluded that the SAM film can protect the Cu surface from oxidation.
In Fig. 1.8 the oxidation protection of the SAM film is schematized. The molecules forming the SAM
layer are bound to the Cu surface via thiol (-SH) groups and thus, the Cu surface cannot interact with

the oxygen molecule.
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Figure 1.8. Schematic of the oxidation protection of the Self-Assembled-Monolayer on a Cu surface. The molecules

forming the SAM layer are bound to the Cu surface via thiol groups.

Summarized, it is obvious that several passivation techniques and materials can protect the Cu surface
from oxidation. However, in combination with the subsequent bonding process, thin sputter coatings
and Self-Assembled Monolayer provide already promising results. Fundamental for the application in
the thermosonic bonding process is the temperature stability of the protection layers. As mentioned
before, a stage temperature in the range of 150 °C to 200 °C is needed for the process [19]. Consequently,
the characterization of the film integrity at these temperatures is very important and must be researched.
In detail, it must be ensured that even a very local degradation can be detected without damaging the
protective films. For this reason, several characterization methods used in the literature are considered

in the next section.
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1.5 Characterization techniques

In recent studies, the investigation of the Cu surface and especially, the determination of the Cu oxide
were mainly performed by using X-ray diffraction (XRD) [42,53,57,72—78]. The fundamental of XRD is
the usage of monochromatic X-rays collimated to the sample surface. As illustrated in Fig. 1.9, the X-
rays incoming with a defined angle theta ® are deflected from the crystal structure with the lattice
distance d and produce a reflection peak which is dependent on the path-length difference 2d sin(0).
In this case, the incoming beam is deflected by an angle of 20 producing a specific reflection peak which

is characteristic for the crystalline structure of the material.

—9 @ @ @ o—

Figure 1.9. Schematic principle of the X-ray diffraction (XRD) illustrating X-rays deflected by a crystalline atomic lattice

structure.

Related to the characterization of crystalline Cu oxides grown on Cu, an example of a XRD result based
on the investigations in [57] is shown in Fig. 1.10. Different reflection peaks at distinct angles 2@ can be
attributed to the different crystal orientations of CuO, Cu20 and the crystalline Cu substrate. This
presented example and other experiments [42,53,72-78] evidence that the Cu oxide phases can be
determined by an XRD analysis. However, it is worth noting that the material under investigation must
be grown in a crystallographic structure because in case of an amorphous grown oxide layer, the
incoming X-rays are scattered in various directions and consequently an XRD analysis does not provide

any characteristic reflection peaks.

In general, XRD results are very advantageous for the determination of an oxidation occurrence, because
the analytical volume achieved by an XRD analysis can be several micrometers in all directions. The
intensity of the X-ray beam decreases exponentially with the distance traveled in the material and strongly
depends on the mass absorption coefficient and the density of the material. However, it must be noted

that the analysis of nanostructures is limited strongly by the comparatively large analytical volume.
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Figure 1.10. XRD spectra after three different periods of oxidation of a bare Cu surface based on[57]. Various Cu, CuzO

and CuO peaks respectively belonging to different crystal orientations.

X-ray Photoelectron Spectroscopy (XPS) [33,53,68—70,78] is another measurement technique based on
the irradiation of the sample by an X-ray beam. This surface-sensitive spectroscopic technique measures
the elemental composition as well as the chemical state and electronic state of the elements existing
within the material. The surface sensitivity of XPS can be explained by the limited free path of

photo-emitted electrons in the material.

Figure 1.11. Basic schematic principle of the surface characterization by X-ray Photoelectron Spectroscopy (XPS).

As illustrated in Fig. 1.11 photo-emitted electrons near the surface can escape easily to the detector
whereas electrons emitted in deeper regions can undergo inelastic collision, recombination or trapping

in vatious excited states within the material. Therefore, the signal from the surface is much stronger than
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the signal from the inside of the sample. The fundamental of the XPS analysis is the measurement of the
binding energy of the detected electrons. These binding energies are characteristic for each element and

correspond to the electron configuration within the atom.

For the investigation of Cu surfaces, Fig. 1.12 shows a suitable XPS result based on [53] achieved by an
X-ray beam with a 600 um diameter spot size. The presence of the oxides can be confirmed by the CuO

peak at 932.5 eV and the CuO peak at 934.7 eV together with several satellite peaks from 940 to 945 eV.
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Figure 1.12. XPS result based on [53] indicating the presence of CuzO (~932.5 V) and CuO (~934.7 eV and satellite
peaks from 940 to 945 eV) on a Cu surface.

As stated in the literature and shown in Fig. 1.12, XPS enables the exact characterization of the Cu
surface because of the assignment of the binding energy and the suitable surface sensitivity. Additionally,
it is worth noting that in contrast to XRD, XPS is not limited to the identification of a solely crystalline
material structure and can also be applied for investigating the presence and the composition of any

amorphous grown materials.

Summarized, XPS as well as, with the restrictions to crystalline substances and larger analytical volumes,
XRD are appropriate tools for the general characterization of the Cu surface. However, the major

disadvantage of both tools is the limited lateral resolution based on the excitation by an X-ray beam.

Alternative characterization techniques mentioned in previous examinations are Electron Probe
Microanalysis (EPMA) [45,57] and Fourier Transform Infrared Spectroscopy (FTIR) [74,77,79]. EPMA
is based on the energy dispersive X-ray spectroscopy (EDX) and enables the quantitative identification
of the element composition of the sample by detecting the characteristic X-ray spectrum of each element.
EDX or EPMA is a suitable method to characterize any protective coatings as well as the oxidation of
the Cu surface by the presence of oxygen (O). Furthermore, the different oxide phases can be
distinguished by their absolute Cu:O ratio. Due to the penetration depth of the electron beam, the

nanoscale investigation of samples may be limited. Monte Carlo simulations [80,81] confirm that for the
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identification of layers in the nanometer range an acceleration voltage below 1 kV would have to be
applied, but for the detection of Cu, the lowest X-ray emission line is the L-alpha line at 0.930 keV. Since
the X-ray generation is also subject to various losses, a much higher electron acceleration voltage must
be applied to reliably detect Cu and its oxidation states. Consequently, thin layers with few nanometers
cannot be examined solely by EDX. However, it is worth noting that EDX can correlate topographic
features to their element analysis. Few researchers [8,27,37,82] have shown in their studies that EDX

maps enable the investigation of the distribution of certain elements on an imaged surface.

The characterization by FTIR is based on the detection of the molecular absorption of an infrared beam
irradiating the sample and enables thereby the investigation of any molecules on the Cu surface by the
detection of their vibration modes. Especially for the distinct Cu oxide phases, Cu2O and CuO have
different vibration modes which provide different absorption peaks. The possible analysis of protective
coatings on the Cu surface by FTIR is very limited. As the presence of any molecular compound is
essential, it cannot be applied to protective sputter coatings. In contrast, as mentioned in literature [70,71]
FTIR is able to identify the composition of a Self-Assembled Monolayer. It is important to note that like
XPS, both techniques, EDX and FTIR, are not restricted to the analysis of crystalline structures and can

thereby also characterize amorphous materials.

Especially for the examination of SAM films, an additional characterization technique is mentioned in
literature. Whelan et al. [33] and Rao [70] show that high quality SAM films correlate with a high
hydrophobicity of the coated surface. As an evaluation of the hydrophobic properties, Contact Angle
Measurements (CAM) can be performed. In Fig. 1.13, the principle of CAM is schematized. The contact
angle defines the interface between a sessile drop to the surface under investigation and provides distinct
surface properties such as the surface energy. In their studies, Rao [70] and Lukose et al. [83] report that

CAM is a suitable tool to provide valuable information about the hydrophobicity of a surface.

a) b)

000 0

Figure 1.13. Schematic principle of the Contact Angle Measurement determining the contact angle ® of a) bare Cu and b)

SAM film covered Cu surface

Even though the reviewed characterization techniques mentioned in recent literature provide valuable
information about important surface properties, it could be shown that they are not able to achieve very

local information in the nanoscale. For the nanoscale imaging of the topography, techniques such as the
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scanning electron microscopy (SEM) [27,58,77,78,84,85] or the atomic force microscopy (AFM)
[41,43,53,70,85,58] are used. Especially, AFM based techniques can monitor surface properties in the

nanoscale because the probe tip can obtain a high-resolution image of the surface.

The AFM based method Kelvin Probe Force Microscopy (KPFM) [86—90] enables the measurement of
the Contact Potential Difference (CPD) of material surfaces with high lateral resolution at ambient
environment. Sugimura et al. [91] have addressed the problem that local variations of surface potentials
are shielded by the presence of a surface water layer in ambient environment. Since such disturbances
can influence the capability of KPFM significantly, more work is needed to develop a novel analysis
package for the nanoscale surface characterization based on the combination of appropriate

measurement techniques.

A further AFM based technique, the conductive-AFM, enables the nanoscale characterization of local
current flow or the local conductivity of a sample surface. Chintala et al. [92] focused on
conductive-AFM (C-AFM) to investigate the electrical properties of SAM films on silicon substrate.
They report that SAM films are isolating and that film homogeneity may be monitored by local tunneling
current measurements. For C-AFM, the appropriate probe tip is in contact with the sample surface and
is moved to scan a specific region. It is important to note that this contact mode application provides
high lateral and vertical forces acting on the sample surface. Beside a significant wear of the probe tip,
such forces may damage the sample surface under investigation [93,94] and must be considered critically.
Therefore, especially for the nanoscale examination of soft samples such as protective coatings on the
Cu surface, more advanced characterization techniques featuring reduced vertical and lateral forces must

be introduced.
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2. Aims of the work

The implementation of a connection technology based on a direct Cu-Cu connection is a desirable
progress in the semiconductor manufacturing and especially in the packaging of integrated circuits.
However, the different properties of Cu, especially the oxidation behavior compared to standard
materials such as aluminum or gold impede the easy transition to the direct Cu-Cu connection. Since the
Cu surface is subject to oxidation, even at room temperature, the advanced characterization of the
surface state is very important and must be researched. In recent studies, the Cu surface was investigated
by measurement techniques with a very limited lateral resolution. Research is now necessary to
investigate very local topography features and their correlation to the corresponding oxidation phase.
Atomic Force Microscopy techniques have the potential to address these needs, but combined analytical

methods are required to develop a novel analysis package for the nanoscale surface characterization.

The introduction of passivation layers for the Cu surface is an interesting approach for the practicability
of a direct Cu-Cu connection because such a layer can protect the bond pad from oxidation. A protective
film must meet certain requirements to be suitable for the bonding process. The protection must also be
effective at elevated temperatures up to 200 °C without increasing the mechanical stability of the Cu
surface. Additionally, the thickness of the passivation layer must be as thin as possible to avoid the
formation of intermetallic compounds which can increase the resistivity significantly and thus lower the
electrical performance. The application of thin sputter coating layers or organic Self-Assembled
Monolayer (SAM) are promising methods, but still further research for the nanoscale characterization of
the local surface modification and temperature stability is needed. Evaluation tools with convenient
handling are needed for practical applications to characterize the passivation layers in the nanoscale.
Especially for the investigation of SAM films, more advanced techniques with reduced lateral and vertical

forces are required.

The measurement environment in which AFM based techniques are operated can influence the results
obtained. Beside the ambient air environment, the use of a liquid environment improves the sensitivity
for measuring interaction forces between AFM probe tip and sample surface. However, this measuring
environment can cause an increased force acting on the AFM probe during its movement. Different
influencing factors such as the cantilever geometry, parameter setup and the fluid conditions must be
evaluated. For this reason, a simulation model must be developed to research the hydrodynamic drag

forces which can be used to determine the best configuration for the measurement setup.

The electric flame-off (EFO) is the first step in the thermosonic wire bonding process cycle and is used
to form the free air ball (FAB). Since the Cu wire tail is melted by a plasma discharge for the FAB

formation, the FAB structure is influenced significantly. The objective of the research work was to
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provide influencing factors of EFO process parameters on the oxidation, crystal structure of the FAB

and on the strain within the microstructure.

In the previous initial section, the advantages of Cu as metallization material as well as interconnection
material in semiconductor manufacturing are presented. Challenges/Limitations for Cu-Cu connections
and the thermosonic wire bonding process are introduced and the evolution of the research in the field
of Cu oxidation kinetic and the oxidation protection of Cu surfaces is presented. Furthermore,
characterization techniques predominantly used in the literature are examined with respect to the general

suitability and in particulat, to the lateral resolution.

In chapter 3 the experimental details of the analytical methods used in this work are described. The
elementary techniques of atomic force microscopy and scanning electron microscopy and particularly
more advanced operated modes are explained and their benefits and limitations with respect to nanoscale

characterization are discussed.

In chapter 4 characteristic contact potential difference values for the Cu oxides are introduced by
combining PeakForce Kelvin Probe Force Microscopy (PF-KPFM) and X-ray as well as infrared
spectroscopy. The nanoscale investigation of the Cu surface oxidation at the bonding temperature of

200 °C as well as the oxide grain growth in the initial five minutes are presented.

Chapter 5 introduces a numerical integrated model that enables the accurate prediction of hydrodynamic
drag forces present in AFM fluid imaging applications. Triangular and rectangular cantilever geometries
are analyzed as well as influencing factors related to liquid properties such as ethanol content or liquid

temperature.

Chapter 6 is devoted to the nanoscale characterization of CHs-terminated self-assembled monolayer
protecting Cu surfaces from oxidation. The temperature induced degradation of the SAM films is

analyzed in the nanoscale by applying characterization techniques with reduced lateral and vertical forces.

In chapter 7, the protective effect of platinum and carbon based nanometer films deposited onto Cu
surfaces subject to pre-bonding temperature stress is analyzed. The degradation of the protective films
with various thicknesses is studied in the nanoscale by combined non-destructive SEM techniques and

PF-KPFM

In chapter 8 the Cu free air ball (FAB) formed by the electric flame-off (EFO) process in standard air
environment is explored with respect to oxidation and recrystallization. Topographical variations and
oxidation of FAB surfaces as well as oxidation, grain structure and strain of the internal of FABs are

studied.

Finally, the main conclusions are summarized.
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3. Experimental

In the experimental part the fundamentals of the different analytical methods used in this work are
explained. Benefits and limitations are discussed with respect to nanoscale characterization of Cu
surfaces or Cu based structures. The next sections are devoted to the elementary techniques of atomic
force microscopy and scanning electron microscopy and particularly to more advanced operation modes,

which were important for this work.

31 Atomic Force Microscopy

The atomic force microscopy (AFM) has its origin in the scanning tunneling microscope (STM) invented
in 1981 by Heinrich Rohrer and Gerd Binnig. A STM consists of an electrical conductive probe which
moves in a very low distance of a few nanometers over an electrical conductive sample. At an applied
voltage between probe tip and sample a distance dependent measurable tunneling current flows. This
tunneling current is held constant by controlling the distance between tip and sample. By evaluating
these distance values, the surface topography can be reconstructed. The AFM invented in 1986 by Binnig
et al. [95] is the further development of the STM. In contrast to a STM system, the AFM enables the
investigation of both conductors and insulators on an atomic scale without the need of a vacuum

measurement environment. The basic principle of any AFM-based techniques is shown in Fig. 3.1.

The AFM system uses the force interaction of an atomic sharp tip with a specimen surface. The atomic
sharp tip is located on the end of a cantilever which bends due to the interaction force between probe

tip and sample. In its easiest form, this normal interaction force can be calculated by Hooke’s law,

AF = kqyp - Az (3.1)
in which the force F is directly proportional to the deflection z. The factor Ky, is the spring constant
of the cantilever. It is important to note that this force applied to the tip calculated by Eq. 3.1 is only
valid for samples that have very small adhesion with the tip. If the adhesive force between the sample
and the tip is large, it should be included in the normal force calculation [96]. However, for the
introduction of the basic principle of AFM-based techniques, only the normal interaction force is

considered.

As schematized in Fig. 3.1, the micro-machined cantilever with the sharp tip is mounted on a piezo
actuator incorporated into a tip holder. A laser beam is reflected by the backside of the cantilever and is
guided by a mirror system to an array of photo diodes (Z-Detector). This two-dimensional detector can

sense the deflection in vertical as well as in horizontal direction and provides the cantilever deflection
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feedback signal. The backside of the cantilever can be coated with a highly reflective aluminum layer to

minimize disturbances caused by a reflection of the laser beam from a reflective sample surface.

Feedback Loop

Cantilever
Z-Detector

Tip holder
with Piezo

Figure 3.1. Basic principle of AFM-based techniques.

Fundamentally, AFM-based techniques may be divided into three most common categories indicating
the mode of operation: contact mode (Cont-AFM), intermittent contact mode (IC-AFM) and non-

contact mode (NC-AFM). These three operation modes are illustrated in Fig. 3.2.

- an o=

Cont-AFM IC-AFM

Figure 3.2. Schematic of the most common AFM operation modes.

In contact mode, the AFM tip is in physical contact with the sample. The topography image is generated
by the deflection of the cantilever tip system. The cantilever deflection is maintained constant by a
feedback circuit and therefore the mechanical force applied to the sample is held constant. In addition,
this direct contact of the AFM tip with the sample can be used to map the current distribution of the
surface. For this purpose, an additional current sensor has to be attached to the setup and the AFM tip
has to be electrical conductive. Although the contact mode itself and the possible electrical
characterization could be very useful for some materials, the mechanical forces applied to the sample
can be harmful for many applications dealing with delicate materials which can be damaged by these

forces. Beside the damage or the contamination of the sample surface, the forces applied by the contact
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mode are the cause of tip wear and the loss of spatial resolution. Therefore, the contact mode is restricted

to the imaging of only comparatively hard surfaces.

In non-contact mode, the AFM operates with a tip-sample distance in the range of 5 -15 nm. The non-
contact mode may basically be performed with a static or a vibrating cantilever. The techniques using a
vibrating cantilever belong to the dynamic AFM techniques and are predominately in use because of a
better signal-to-noise ratio compared to static techniques. In the dynamic non-contact mode, the system
may monitor either the change of the amplitude, amplitude modulation (AM-AFM) or the change of the
resonant frequency, frequency modulation (FM-AFM), of the vibrating cantilever. Indeed, the non-
contact mode does not suffer from tip or sample degradation effects, but the missing tip-sample contact
limits the use in ambient environment due to monolayers of absorbed fluid present on the sample surface
in air [97]. Contact-mode applications can penetrate the liquid layer and the surface topography can be

imaged reliably.

The intermittent-contact mode is similar to the non-contact mode and also belongs to the field of
dynamic AFM modes. The vibrating cantilever tip is brought closer to the sample, so that it just barely
hits, or “taps”, the sample at the bottom of its travel. Therefore, it is frequently called tapping mode.
The cantilever-tip system oscillates at or near its resonant frequency. The topography imaging can be
achieved by detecting the change of the amplitude of the cantilever’s oscillation which is based on
interaction forces such as Van-der-Waals forces acting on the probe tip. Generally, the damage done to
the surface by IC-AFM is lessened compared to contact mode because lateral forces are almost
eliminated. However, compared to the contact mode the vertical peak forces applied can be much higher
and cannot be controlled exactly. Even so, topography imaging of soft sample surfaces is feasible by

using IC-AFM.
In the next sections, the advanced AFM-based operation modes used in this work are explained in detail.

3.1.1 PeakForce Tapping (Pulsed Force Mode)

PeakForce Tapping (PFT) [98] or Pulsed Force Mode (PFM) [99] is an imaging mode utilizing
force-distance curves recorded on each measurement point. In this operation mode, the AFM probe tip
oscillates in a sinusoidal z-movement driven by the piezo incorporated into the tip holder (Fig. 3.1). In
contrast to IC-AFM, PFT usually is operated at an oscillation frequency of 1 kHz or 2 kHz, which is far
below the resonance frequency of the cantilever-tip system. The movement of the AFM probe tip can

be precisely controlled and monitored.

The turning point of the oscillation is at the maximum force, the so-called peak force which constitutes
the imaging feedback. In Fig. 3.3 the tip trajectory over time at one measurement point is presented. In
“A”, the tip is far away from the surface and approaches to the sample until the contact point “B” is

reached. Afterwards the tip indents into the sample reaching the peak force at point “C”. At the peak
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force the approach process ends and the tip is withdrawn. “D” represents the maximum adhesion force
between tip and sample surface during the pull-off. Finally, the tip recovers back to its original position

(“E”).
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Figure 3.3. Principle of the PFT operation highlighting the force versus time during the cantilever oscillation [98]. This

interaction force is evaluated by the background subtraction algorithm [100].

The typical amplitude of the oscillation is 150 nm. In some special cases, if the adhesion force is
comparatively high, the amplitude must be increased to ensure that the tip is lifted from the surface.
Based on the force-distance curves performed at each measurement point, several information such as
the deformation, the elastic modulus or the adhesion force can be simultaneously extracted [98,101].
With respect to force control, tip wear and sample damage, PFT combines the advantages of the standard
AFM modes. The vertical force applied to the sample can be controlled by adjusting or minimizing the
peak force while eliminating the lateral forces as during force measurement the tip does not move

laterally.

Fig. 3.4 details the background subtraction algorithm used by the PeakForce Tapping method. The
z-movement creates a sinusoidal background. The peak force point in the repulsive interaction is the
control parameter for the feedback loop. By subtracting the interpolated background from the total
force, interaction forces in the range of some tens of pico-Newtons can be extracted. This method
enables a dramatical increase of the signal-to-noise ratio and significantly improves the sensitivity for

detecting even very low peak forces of a few pico-Newtons [98,100].

Consequently, tip wear and sample damage even of soft surfaces can be reduced significantly or even
eliminated. These improvements compared to the standard AFM modes make PFT the proper method

for high resolution topography imaging on any kind of sample surface by extracting the peak forces.
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Figure 3.4. Scheme of the background subtraction algorithm. The sinusoidal Z modulation creates a sinusoidal

background. Subtracting the interpolated background from the total force restores the interaction force [98,100].

3.1.2 Kelvin Probe Force Microscopy

Kelvin probe Force Microscopy (KPFM) was developed by Nonnemacher in 1991 [102] and measures
the contact potential difference (CPD) between a conducting AFM probe tip and a sample. Traditionally,
KPFM measurements are performed in a two-pass technique, which means that each line is scanned
twice. The first scan detects the topographic structure and the second scan measures the CPD at a
distinct surface distance controlled by the topography information from the first scan. This two-pass

technique enables the detection of the contact potential difference unatfected by the topography.
The CPD (V¢pp) between the probe tip and the sample is defined as:

¢tip - (psample ( 3‘2)

Verp = e

whete Psampie and Pyjp, are the work functions of the sample and the AFM probe tip and e is the

electronic charge. Assuming that the tip-sample system is equivalent to a nanocapacitor, the resulting

electrostatic force Fpg between the AFM tip and the sample is given by:

149C
Fos(2) = =5 ——=AV? (3.3)

In this equation AV is the potential difference between Vepp and the voltage applied to the AFM tip.
For the CPD detection, the AFM probe tip is biased with a voltage Vr;;, containing an AC (V) and a

DC (Vp¢) component. Consequently, the potential difference AV will be:

AV =Vrip £ Vepp = (Vpe £ Vepp) + Vac sin(wt) (34)
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The =+ sign in Eq. 3.4 depends whether the voltage Vp ¢ is applied to the sample (+) ot to the AFM probe
tip (-) [103]. Substituting Eq. 3.4 into Eq. 3.3 the electrostatic force is defined as:

C
2% [(Vbc £ Vepp) + Vac sin(wt)]? (3.5)

This equation can be divided into three parts resulting in one constant component and two frequency

Fs(z,t) =

dependent components. The constant component Fp (Eq. 3.6) results in a static deflection of the AFM
tip. The component F,, with the angular frequency w (Eq. 3.7) can be used to measure the CPD voltage
Vepp- The F,, component (Eq. 3.8) can be used for capacitance microscopy [86], but it is neglected for

the CPD detection because it does not contain any information regarding the CPD voltage.

10C
Fpe = _Ea_Z(VDC t+ VCPD)2 (3.6)
ac .
E,=- P (Vpe £ Vepp)Vac sin(wt) (3.7)
10C
Fyp = _ZEVAZC“ — cos(Qwt)] (3.8)

The applied electrostatic forces to the probe tip causes a superimposition of these additional oscillating
components to the mechanical oscillation of the tip. By using a Lock-in amplifier, the amplitude of the
cantilever oscillation at o is detected. According to Eq. 3.7, the Vpp can be measured by applying a
voltage Vp in order to nullify the amplitude of the cantilever oscillation at w and with it the component
F, (Eq.3.7) equals zero. This KPFM mode based on nullifying the measured amplitude is called
amplitude modulation KPFM (AM-KPFM).

Besides AM-KPFM, the CPD can also be detected by frequency modulation KPFM (FM-KPFM). In
this mode, the applied voltage Vi, induces a modulation of the electrostatic force which is detected by
a frequency shift at w. In this case, Vp¢ is applied to nullify the frequency shift, thereby measuring Vepp.
In contrast to AM-KPFM, the changes in oscillation frequency are dependent on the electrostatic force
gradient. Deduced from Eq. 3.3 and 3.7 the contribution for the FM-mode is:

OF, 2%C
6_; =- 972 (Vpe £ Vepp)Vac sin(wt) (3.9)

Since FM-KPFM detects the electrostatic force gradient, the spatial resolution is approximately equal to
the tip apex [86,104]. In AM-KPFM the electrostatic interaction includes both, the tip and the cantilever.
This difference in signal detection of FM-KPFM and AM-KPFM is schematized in Fig. 3.5. As can be
seen, the AM-KPFM signal detection leads to an averaging effect between the tip and the cantilever
which limits the lateral resolution significantly [86,88,104]. Therefore, FM-KPFM is preferable for the
nanoscale characterization of material surfaces. However, the detection sensitivity of FM-KPFM is very
limited in ambient air environment because of a damping effect to the cantilever oscillation reducing the

sensitivity.
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FM-KPFM AM-KPFM

Figure 3.5. Signal distribution of FM-KPFM and AM-KPFM

The KPFM sensitivity which mainly depends on the quality factor @ of the probe oscillation and the

spring constant k is defined as:

KPFM sensitivity o % (3.10)
The quality factor relates the energy loss to the stored energy of the oscillator. A lower energy loss during
probe oscillation because of a lower damping consequently results in higher KPFM sensitivity.
Therefore, FM-KPFM was first realized under ultrahigh vacuum (UHV) [105] because the Q-factor of

the AFM probe can be hundreds of times larger than in air.

The PeakForce Kelvin Probe Force Microscopy (PF-KPEFM) is a further development of the FM-KPFM
technique with improved sensitivity and repeatability in ambient air [106]. The advantages of PF-KPFM
are closely linked to appropriate AFM probe tips with higher quality factor and lower spring constant
providing higher KPFM sensitivity according to Eq. 3.10. The use of such probes is enabled by the
combination of PFT and FM-KPFM. In a two-pass scan, at first the topographic structure is obtained
by PFT and subsequent the CPD is detected by FM-KPFM at a distinct surface distance.

Additionally, it is important to note that in ambient air environment usually a water layer is present on
top of the sample surface and that this water layer influences the CPD result significantly [91,104].
Referred to Eq. 3.2, a direct characterization of the sample’s work function requires the prior
identification of the work function of the AFM probe tip. This could be acquired by measuring the CPD
of a sample surface with a known work function. However, quantitative results can only be obtained in
ultrahigh vacuum conditions because, besides the potential shielding by the surface water layer [91], the

work function is very sensitive to adsorbates [107] or oxidation [104].

Due to the advantages of PF-KPFM related to the improved lateral resolution of FM-KPFM and the
better sensitivity compared to conventional FM-KPFM in ambient air, PF-IKKPFM was taken as preferred

tool to investigate CPD variations on sample surfaces in the nanoscale.
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3.1.3 Dynamic Chemical Force Microscopy

The dynamic Chemical Force Microscopy (dCFM) [108,109] is a further development of the
conventional Chemical Force Microscopy (CFM) which is an advanced measurement method based on
the atomic force microscopy for the chemical imaging of a material surface [110,111]. dCFM as well as
the conventional CFM use chemical functionalized AFM probe tips interacting with the sample surface
to achieve a chemical contrast on the surface. Chemical mappings achieved by CFM are based on lateral
force microscopy (LFM) [111]. LEM is very similar to the standard contact mode because the AFM
probe tip is also in physical contact with the surface. The difference of both techniques is the analysis of
the signals. As contact mode evaluates the vertical deflection of the AFM probe tip for topography
imaging, lateral force mode utilizes the torsional deflection of the AFM tip. A tip-sample interaction
influenced by the chemical tip functionalization causes a torsional deflection of the tip depending on
chemically induced interaction forces. As a consequence, the chemical functionalized AFM probe tip
can map chemically different regions on the sample [112]. However, topography features can also cause
such a torsional deflection. Therefore, CFM by using LFM is only reasonable on very flat surfaces
[111,112]. Beside using LFM, individual points with chemical information can be achieved by performing
force-distance curves [113]. The functionalized AFM probe tip is brought in contact with the surface
and afterwards retracted. During the retraction, the adhesion force Fadnesion between functionalized probe

tip and sample surface is detected. A strong chemical interaction is a measure for a high adhesion force

[111,113)].

The further development of the dynamic Chemical Force Microscopy is based on force-distance curves
which are applied at multiple measurement points [108,109]. The AFM operates in the sinusoidal
z-movement as mentioned for the PeakForce Tapping mode [98] which was already introduced in
section 3.1.1. The principle of dCFM can be seen in Fig. 3.6. The turning point of the probe tip
z-movement is defined by a maximal force Fmax. Similar to the evaluation of individual force-distance
curves, in dCFM the adhesion force Fadneson i 2 measure for the molecular forces between the
functionalized probe tip and the sample. As shown in Fig. 3.6 a chemically different sample surface
results in a different adhesion force Fadnesion. In dCEFM the combination of the sinusoidal z-movement
and the usage of functionalized probe tips enables the chemical imaging on a very local scale independent

of the surface topography [108].

Since dCFM enables the chemical mapping of the sample surface without disturbances related to the
topographic structure, this analysis technique was chosen as appropriate tool for further investigations

of chemical nanoscale differences on the sample sutface.
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Figure 3.6. Principle of the dynamic Chemical Force Microscopy. By using a chemically functionalized probe tip, a chemical
difference on the sample surface can be detected by the variation of the adhesion force. The functionalized tip operates in
dynamic sinusoidal mode in z-direction and interacts with surface molecules. The maximal force Fra defines the turning

point of the probe tip z-movement.

The environment for the chemical interaction based imaging is very important in determining the
adhesion forces. dCFM measurements carried out in ambient air are more difficult to interpret since
capillary forces are usually 1-2 orders of magnitude higher than specific chemical interactions [111] and
obscure the chemical interaction between functionalized tip and sample. Such capillary forces are based
on the water layer which is usually present on top of a sample surface in ambient air environment.
Therefore, dCFM has to be performed with both, the functionalized probe tip and the sample surface,
immersed in liquid. This liquid environment enables the detection of the exact adhesion force caused by
the sample surface under investigation and the functionalized probe tip. However, besides the better
chemical sensitivity due to the immersion in liquid, it has to be taken into account that the cantilever
movement in fluid can be influenced by an additional deflection caused by the fluid resistance. For the
exact determination of any influencing drag forces, a fluid dynamics simulation based on the finite

element method (FEM) was performed and is introduced in chapter 5.
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3.1.4 Torsional Resonance Tunneling Atomic Force Microscopy

Torsional Resonance Tunneling Atomic Force Microscopy (TR-TUNA) [114-116] is an advanced
measurement technique for the electrical characterization of delicate samples. Beside the introduced
standard operation modes, such as contact mode or intermittent contact mode, the torsional
resonance (TR) operation mode is a contactless measurement technique which enables the electrical
characterization without damaging neither the AFM tip nor the delicate sample surface. Fig. 3.7 shows
a schematic illustration of the basic working principle of the TR operation mode. Two piezo actuator
plates (red in Fig. 3.7) incorporated into the tip holder are used for the excitation of the torsional
oscillation. In TR mode the feedback error is modulated by the TR amplitude change with respect to the
tip-sample distance. The feedback loop controlled by the TR amplitude maintains the tip/sutface relative

position through lateral interaction.

Feedback Loop

Cantilever

Z-Detector

TR Tip holder
with 2 piezos

Figure 3.7. Basic working principle of the TR operation mode.

The topography imaging of very soft samples could also be performed by IC-AFM. However, the
additional electrical characterization is not possible, which is obvious by comparing the AFM tip
oscillation of IC-AFM and TR-AFM in Fig. 3.8. In IC-AFM the probe tip just taps the sample surface
in a vertical movement and thus, the contact time, only 1% of the oscillation cycle, is too shott for the

current measurement [116].

In general, the standard operation mode for electrical measurements is the contact mode. The AFM tip
is in physical contact with the sample surface and the current flow can be detected by a current sensor,
provided that a conductive probe tip is used and an appropriate bias voltage is applied. However, as

mentioned previously in the introductive part of section 3.1, the mechanical forces applied in the contact
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\ 4

Figure 3.8. Comparison of AFM tip oscillation of IC-AFM (left) and TR-AFM (right)

mode can damage the sample surface. Thus, especially for the characterization of very delicate samples,

the contact mode is not suitable.

By using the TR mode, the probe tip oscillates in torsional resonance in close proximity (typically
0.3-2 nm [117]) of the sample surface. This near field condition provokes that by applying an appropriate
bias voltage the electrons can overcome the barrier between the conductive probe tip end and the sample
surface and the tunneling current can be measured. Based on these near-field characteristics, the TR
mode enables the ability to measure the current flow and simultaneously the topographic feedback is

modulated by the TR amplitude.

3.2  Scanning Electron Microscopy

McMullan [118] presented the eatly history of the Scanning Electron Microscopy (SEM). In 1925 the
German physicist Hans Busch developed the electron lens. He found out that a magnetic field can be
used as a lens for electrons similar as a glass lens for a light beam. These results formed the background
for the further development of the electron microscope. The first scanning electron microscope with a
submicron probe was developed by the natural scientist Manfred von Ardenne in 1937. In today’s
scanning electron microscopes, the electron beam is generated by a thermionic field emission cathode,
a so-called Schottky cathode. In this type of electron source a zirconium oxide (ZrO) reservoir combined
with a mono-crystal tungsten tip is heated by a heating current up to 1800 K. By applying an additional
electric field, the ZrO diffuses to the cathode tip and emits electrons. Besides the thermionic field
emission, an alternative electron source consists mainly of a very sharp tungsten wire which is heated or
to which an electric field is applied. The Schottky cathode combines both systems and has the advantage

of comparatively higher beam intensities and improved image quality even at low acceleration voltages.
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The electron beam is focused on the sample surface by using magnetic and electrostatic lenses and the
area of interest is scanned line by line. The measurement is performed in a high vacuum chamber to
prevent any disturbances of the electrons caused by any particles existing in an air environment. For the
image formation in SEM operations, the primary electron beam interacting with the sample surface
generates two fundamental electron types, the secondary electrons (SE) and the backscattered electrons
(BSE). For the imaging of the topography, the low-energetic secondary electrons provide the
topographic information. Their energy is in the range up to 50 eV. They are released by inelastic
scattering of the primary electrons on the atomic cote or on the electrons in the atomic orbitals. Due to
its low energy, only the electrons near the surface are responsible for the image creation, because most
of the energy is lost within a few nanometers. A more accurate view on the energy loss of the electrons
provides a Monte Carlo simulation of electron trajectories. The simulation result in Fig. 3.9 shows that
electrons with an energy of 100 eV lose most of their energy within 10 A (1 nm) inside a silicon material.
Even though the energy loss differs slightly for other materials, this confirms that only SE near the
surface provide the topographic information because SE released in deeper regions are predominately

absorbed in the material.

Electron
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Figure 3.9. Monte Carlo simulation of electron trajectories presenting the energy loss of low-energetic electrons in silicon

(Si).

The backscattered electrons are high energetic electrons interacting with the material by elastic scattering.
They can have energies up to 100% of the primary electron’s energy. Since they are created in a much
deeper region of the excitation volume than the secondary electrons, they contain a depth information

and provide a material contrast. Since materials with different densities or atomic numbers provide
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different BSE energies, a resulting energy variation can be assigned to a material change. Additionally, it
is worth noting that there is a clear correlation of material density and achieved BSE energy. Besides the
material contrast, the detection of the BSE energies also achieves a crystal orientation contrast because

different crystal orientations can also influence the electrons in different ways.

For the detection of SE or BSE different sensors are arranged inside the vacuum chamber which is
depicted in Fig. 3.10. The SE2-detector, also known as Everhart-Thornley-detector, is arranged on the
left side in the vacuum chamber and mainly detects secondary electrons for the topography imaging.
Additionally, due to the geometrical arrangement, the SE2-detector also detects backscattered electrons.
However, only 10% of the imaging signal are from BSE and thus, the resulting image represents the

surface topography superimposed with a weakly visible material contrast.
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Figure 3.10. Schematic drawing of the geometrical arrangement of the detectors in the vacuum chamber and in relation to

the beam control.

Further detectors presented in Fig. 3.10 are the angle selective backscatter (ASB) detector and the energy
selective backscatter (ESB) detector. These both detectors are integrated for the detection of the
backscattered electrons. Fig. 3.10 shows that they are arranged very near to the primary electron beam.
The ASB-detector is mounted directly below the last electrostatic lens and detects mainly the low angle
backscattered electrons which originate mostly from an area outside the beam spot center. Because of
this signal origin, the identification of nanostructures is limited. Additionally, for applications related to
low acceleration voltages below 3 kV, the ASB-detector is not suitable. For such applications, the
ESB-detector is the appropriate choice because its geometrical arrangement directly in the beam path of

the SEM system above a filtering grid (Fig. 3.10) enables the detection of high angle backscattered
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electrons. This type of BSE originates from the very near of the spot center and hence offers an improved
lateral resolution compared to the low angle backscattered electrons detected by the ASB-detector.
Furthermore, the filtering grid ensures that only backscattered electrons with an energy higher than the
desired energy are used for the image formation and secondary electrons can be discarded. For this
reason, the ESB-detector can be used for imaging the material contrast structures or particles in the

nanoscale by using low acceleration voltages (~1 kV) and low working distances smaller than 4 mm.

Besides the nanoscale imaging of the topography and the material contrast of the sample, the SEM offers
additional techniques for material characterization. By using these advanced measurement techniques, it
is able to investigate the element composition of the sample quantitatively as well as the crystal structure

and the distribution of the grain size. These special methods are explained in detail in the next sections.

3.2.1 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDX) is an important measurement technique for material
analysis and enables the determination of the element composition or the chemical characterization of a
sample quantitatively. This can be done by detecting the X-ray characteristics of each element in the
sample stimulated by an electron beam. The fundamental principle of the X-ray characteristics is shown
in Fig. 3.11. Due to an external stimulation such as the electron beam, an electron from an inner shell
e.g. the K-shell is kicked out. As this state is unstable, the remained vacancy is filled immediately by a
higher energetic electron from a higher atomic orbital e.g. the L-shell. The energy difference between

the higher energy shell and the lower energy shell is released in the form of X-ray radiation. The X-ray

J -
Kicked-out
electron

External
stimulation

Figure 3.11. Fundamental principle of X-ray spectroscopy. An electron is kicked out from its shell by an external stimulation.

An electron from a higher energy shell fills the vacancy and releases its energy in form of X-ray radiation.
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energy strongly depends on the energy difference between the two shields and on the atomic structure
of the element. For this reason, each element has its characteristic X-ray radiation and can be identified

clearly by the EDX-detector.

The spatial resolution of EDX is limited by the beam interaction with the sample and the origin of the
X-rays. In contrast to the SE and BSE electrons which are generated in the very near of the sample
surface, the characteristic X-rays originate from a deeper region in the material. In Fig. 3.12 a schematic
of an interaction volume generated by the electron beam excitation is depicted. The interaction volume
is also often called excitation bulb because of its general form. Besides the characteristic X-ray radiation
for the EDX analysis and the SE and BSE electrons for SEM image formation, there are also Auger
electrons and the continuum X-ray radiation, also known as bremsstrahlung, in the interaction volume.
The Auger electrons are another interaction product by the external stimulation and can be analyzed by
Auger electron spectroscopy (AES). However, AES is not part of this work and thus, it is not explained

further.

Primary electron beam

Sample surface

Auger electrons
9 Secondary eléctrons

Backscattered electrons

Characteristic x-ray
radiation

Continuum x-ray radiation
(bremsstrahlung)

Figure 3.12. Interaction volume originated by an electron beam hitting the sample surface.

The continuum X-ray radiation is a by-product of the electron excitation. A part of the primary electrons
is decelerated by the Coulomb fields of the atomic nuclei and the kinetic energy of the electrons is
converted into electromagnetic radiation, the so-called bremsstrahlung. In case of the EDX analysis, this
bremsstrahlung is an unwanted by-product which must be subtracted for quantitative characterization.
The arrangement of the EDX-detector related to the remaining SEM system in Fig. 3.10 is depicted in
Fig. 3.13.
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Figure 3.13. Schematic drawing of the geometrical arrangement of the EDX-detector in the vacuum chamber in relation to

the remaining SEM system in Fig. 3.10.

3.2.2 Electron Backscatter Diffraction

Similar to EDX, the Electron Backscatter Diffraction (EBSD) is another advanced measurement
technique in the field of material analysis. EBSD is able to determine the crystal structure, the orientation
and the grain distribution of any crystalline or polycrystalline material. The fundamental principle of
EBSD is based on the consecutive interference of waves, here associated with an incident electron beam,
reflected by the crystalline lattice which forms the electron backscatter diffraction pattern on a phosphor
screen. Such diffraction patterns was first reported by Nishikawa and Kikuchi in 1928 [119] and hence
they are also known as Kikuchi patterns. In order to obtain high quality Kikuchi pattern, the geometrical
arrangement of the measurement equipment shown in Fig. 3.14 is very important. The sample surface
must be arranged in an angle of 20° to the incident electron beam. In general, this arrangement is
performed by tilting the stage with the sample mounted for 70°. The EBSD-detector illustrated in

Fig. 3.14 consists of a camera focused on the phosphor screen on which the Kikuchi patterns fluoresce.

The geometry of the Kikuchi patterns can be identified as the projection of the crystal lattice on the
phosphor screen. The primary beam electrons with a wavelength comparable to the atomic spacing
interact with the crystalline lattice and low energy loss backscattered electrons undergo constructive

interference.
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screen

Sample

Figure 3.14. Schematic drawing of the EBSD-detector, consisting of a phosphor screen and the CCD camera, arranged in

angle of 70° to the sample.
The condition for this constructive interference is called the Bragg condition and is defined as:

nA = 2dsin@ (3.11)
where 1 is a positive integer, A is the wavelength, d represents the lattice constant and 8 is the angle of
incidence. Two waves are subject to constructive interference if the path difference given by 2d - sin 6
is equal to the integer multiple of the wavelength A. A further explanation of the Bragg condition yields
Fig. 3.15. The red lines are waves hitting parallel lattice planes with the atomic spacing d. If the difference
of the path length of the two waves is equal to 2dsin@ , they remain in phase and interfere

constructively. At an angle ® of 20° of the incident wave to the atomic lattice, the constructive

A 0 .
d ‘
) - = . o
s > > > o

Figure 3.15. Bragg condition fundamental for the EBSD measurement. Two waves (red dotted) interfere constructively if the

path length 2d sin6 is equal to the integer multiple of the wavelength nk
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interference is strongest and thus, the Kikuchi pattern exhibits the best contrast. Therefore, the

EBSD-detector must be arranged as shown in Fig. 3.14.

The spatial resolution of EBSD is strongly related to SEM conditions such as electron beam spot size
and acceleration voltage [120—122]. Based on these influencing factors and the mentioned literature, the
approximately range of the spatial resolution can be estimated to be 20 to 60 nm. Additionally, Chen et
al. [122] reported that the depth resolution depends on the crystal structure of the material and the
acceleration voltage of the SEM. Especially for copper, they indicated that the depth resolution for Cu
ranges from 3.98 nm at an acceleration voltage of 20 kV and a probe current of 40 nA to 7.87 nm at
30 kV and also 40 nA. Consequently, these values with respect to the spatial and depth resolution shows

that EBSD analysis of Cu surfaces are able to map crystallographic differences of nanoscale structures.

3.3  Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) is a measurement technique belonging to the
molecule spectroscopy and basically relies on the excitation of energy states of molecules by infrared
radiation. In detail, FTIR measures the absorption of an infrared beam with a distinct wave length or
wave number. The molecules of the sample absorb the infrared beam at specific wave numbers depended
on their characteristic structure. This absorption is based on the vibration modes of the molecules. As
an example, three characteristic vibration modes of a CH> molecule can be seen in Fig. 3.16. Each
vibration mode results in an absorption of the incident infrared beam at specific wave numbers. Related
to the example in Fig. 3.16, the symmetrical stretching of the CH, molecule offers an absorption band

at 2850 cm!, the asymmetrical stretching at 2918 cm! and the rocking absorption at 718 cm-1.

N\

a) ‘ b) ' C)

Figure 3.16. Three characteristic vibration modes of a CHz molecule. a) symmetrical stretching b) asymmetrical stretching c)

rocking

The detection of such molecular vibrations can be performed by FTIR. Basically, a spectroscope consists
of a Michelson Interferometer, which is a certain configuration of mirrors. The schematic drawing of a
Michelson interferometer adapted for FTIR is presented in Fig. 3.17. The polychromatic infrared (IR)
source is a black-body radiator. The light is collimated and directed to a beam splitter which splits up the

beam towards a fixed mirror and a movable mirror.
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Figure 3.17. Schematic drawing of a Michelson interferometer adapted for FTIR. The reflected light from the two mitrors is

directed to the sample and the transmitted beam after the interaction with the sample is analyzed by the detector.

Subsequently, the reflected light from the two mirrors is consolidated by the beam splitter again and
directed to the sample. Depended on the frequencies contained in the IR beam and the position of the
movable mirrors, the consolidating beams results in an interferogram as seen in the left image in
Fig. 3.18. The maximum of this interferogram correlates with the position at which the length of path
to the movable mirror is the same as to the fixed mirror. At this position, all the frequencies in the beam
interfere constructively. By the usage of the Fourier transformation this interferogram can be converted
into a single beam spectrum as shown in the right image in Fig. 3.18. This single beam spectrum in
Fig. 3.18 corresponds to a measurement without a sample present. Therefore, this spectrum contains all
environmental based influences and thus, it is called the background spectrum. For each measurement,

this background spectrum must be subtracted to achieve the absorbance bands of the sample.

The schematic drawing in Fig. 3.17 represents the FTIR configured for the detection of the IR beam
transmitted through the sample. Since in this work FTIR analysis are used for the characterization of Cu
based structures, the transmittance configuration is not suitable because the IR beam is totally reflected

from the Cu surface.

Therefore, the FTIR must be adapted for the analysis of the reflectance of the sample surface. In
Fig. 3.19, the schematic drawings of two configuration setups suitable for reflectance FTIR are depicted.
In both techniques, the IR beam interacts with surface layers such as oxide films or any other additional
layer under investigation and is then reflected to the detector. In the specular reflectance FTIR, the

IR beam is guided in an angle of 20° to the sample surface and is reflected to the detector after the
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Figure 3.18. Interferogram (left) and Fourier transformed spectrum (right).

interaction. In contrast, the Attenuated Total Reflectance (ATR) FTIR uses a special ATR-diamond
which is in contact with the sample surface and the IR beam is guided through this diamond to the
sample and reflected after the interaction to the detector. Since the IR beam run through the surface

layer under investigation twice, the interaction volume for the analysis is doubled, too.
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Figure 3.19. Schematic drawing of the FTIR configured for specular reflectance FTIR (left) or Attenuated Total Reflectance
FTIR (right)

It is evident that both methods can be appropriate tools to characterize even very thin surface layers.
However, as can already be assumed from Fig. 3.19, the lateral resolution is very limited because of the
diameter of the IR beam exciting the sample surface. In this work, the equipment used provides an IR
beam diameter of approximately 1 mm. Therefore, FTIR is rather stated to be a macroscopic
measurement technique. Nevertheless, it can be very suitable as an additional analysis method to the
microscopic measurement techniques, because it can reliably detect molecules such as Cu2O or CuO and

does not need any specific sample preparation.
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4. Nanoscale characterization of copper oxide by KPFM

Copper (Cu) has become an important metallization material in semiconductor manufacturing.
Notwithstanding the importance of Cu metallization, wire bonds are still predominantly made of gold
wires due to their key advantages such as flexibility and reliability [8]. In comparison to gold, copper is
cheaper and it possesses an increased thermal and electrical conductivity. However, one of the main
drawbacks of Cu is that the surface is subject to oxidation, even at room temperature. Chuang et al. [28]
demonstrated that the oxidation of the Cu bond pad influences the quality and the reliability of the bond
contact. Ho et al. [29] observed that, even within the same lot of identically processed wafers, some
contact structutes are bondable, whereas others are not and associated their observation to the oxidation
behavior of the Cu bond pad. Few researchers have addressed the problem of the Cu oxidation by
coating the copper surface with an additional metal layer or a thin organic self-assembled
monolayer (SAM) in order to prevent the oxidation [29,123—125]. However, due to the elevated bonding
temperature the surface oxidation cannot simply be neglected and has to be taken into account. For
manufacturing of reliable and predictable copper wire bonds and the development of respective
industrial processes additional research is necessary to analyze the oxidation behavior of the bond pad

and the role of possible other contaminations.

The characterization methods predominantly used in recent studies have been X-ray Diffraction (XRD)
and X-ray Photoelectron Spectroscopy (XPS) [28,126,127]. Even though these methods are suitable for
detecting the oxidation states of the Cu pad, they allow only limited lateral resolution due to the excitation
by an X-ray beam and therewith a correlation between small topography features and oxidation state
remains unstudied. PeakForce Kelvin Probe Force Microscopy (PF-KPFM) [106] has the potential to
address these needs. PF-KPFM is a modification of the common Kelvin Probe Force Microscopy
(KPFM) [86-88] and enables the measurement of the Contact Potential Difference (CPD) of material
surfaces with high lateral resolution at ambient environment. The CPD value is related to the work
function of the surface. However, a direct characterization of the oxidation state by comparing a
theoretical CPD value of the Cu oxide with the measured CPD value was not possible. Local variations
of surface properties and related work function values and, as reported by Sugimura et al. [91], the
presence of a surface water layer in ambient environment, which shields the CPD value, are reasons for
this observation. Therefore, I used Energy Dispersive X-ray Spectroscopy (EDX) and Fourier
Transform Infrared Spectroscopy (FTIR) as reference measurements and correlated the CPD values
achieved by PF-KPFM with the corresponding Cu oxide state detected by EDX and FTIR. As a result,
PF-KPFM measurements in air enabled to distinguish between the different types of Cu oxide with
nanometer resolution and to correlate the oxidation states to local topography features. In this work, I

show that the combination of different measurement techniques facilitates the advanced characterization
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of the oxidation behavior of the Cu surfaces, the investigation of thin oxide films and the correlation of

local topography changes to the corresponding oxidation state.

4.1 Experimental

In this work the key method used for the characterization of thermally grown Cu oxides is PF-KPFM.
However, as PF-KPIFM performed in air environment is subject to diverse disturbances, it is important
to validate the data achieved. For this reason, EDX and FTIR are employed and specific details are
introduced in this section. The basic principle of EDX and FTIR were explained in section 3.2.1 and

3.3, respectively. Fig. 4.1 shows the schematic cross-section of the Cu test samples used in this study.
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Figure 4.1. Schematic cross-section of test samples consisting of a 5 um PVD copper layer on top of a Si base separated by a

thin SiO; film and a WTi liner.

The 5 pum thick Cu layer was deposited by plasma vapour deposition (PVD) sputtering on top of a
supportting sample structure consisting of a tungsten titanium (WT1) liner on a silicon (Si) base with a
thin silicon dioxide (SiOz) film. The PVD sputtered 5 um Cu shows a well-defined surface
structure (Fig. 4.2). Individual grains and grain boundaries may clearly be identified and the grains offer
a uniform grain orientation Cu(111) measured by Electron Backscatter Diffraction (EBSD). In order to
achieve sufficient thick cupric oxide CuO and cuprous oxide Cu2O for the EDX and the FTIR
investigations the Cu samples were oxidized, according to the literature [46,128], on a heater in ambient
air for two hours at 300 °C and for 24 h at 120 °C, respectively. Comparatively thin oxide films were
generated by oxidizing for two and five minutes at 200 °C, which is based on real bonding
conditions [19]. Prior to oxidation, the samples were chemically cleaned with an aqueous solution of
10% sulfuric acid to remove the native oxide and contaminations and subsequently rinsed with a 1:1
solution of ultrapure water and isopropanol. Except for the measurements, the samples were constantly
stored in a dry air environment (~23°C, 0% humidity) to prevent surface contamination and to reduce

the influence of a water layer on the sample surface.
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0 Topography‘ 20 |J

Figure 4.2. AFM topography image of the copper surface.

In this experiment, a Zeiss Ultra 55 scanning electron microscope equipped with the EDAX Trident
system and an Energy Selective Backscatter Detector (ESB) was used to perform EDX, EBSD and
Backscattered Electron (BSE) imaging. EDX is able to measure the element content quantitatively and
was employed to identify the oxidation state by the ratio of the atomic weight of Cu to oxygen (O).
However, this is only applicable for comparatively thick oxides, which were grown purposely for these
experiments. For thin oxide layers and small oxide particles in the nm range the capabilities of EDX are
limited because of the penetration depth caused by the electron beam. The acceleration voltage used was
3 kV. Based on the SEM parameters I performed a Monte Carlo simulation of electron trajectories using
the software tool electron flight simulator (EFS). EFS simulates the electron beam penetration by the

energy loss resulting from inelastic collisions in-between individual elastic scattering events [80].

In Fig. 4.3 the result of the Monte Carlo simulation can be seen. I computed a penetration depth at 3 kV
of approximately 60-70 nm for bulk Cu,O with a density of 6.0 g/cm? and a depth of about 50-60 nm
for bulk CuO with a density of 6.32 g/cm?. For comparison, the detived values can be evaluated by

calculating the X-ray generation depth with the formula of Castaing [129]. The formula is given by

A
Zm = 0.033(E37 — Eé'7)p—Z (4.1)

whete z,, denotes the X-ray generation depth or analytical depth, Ey is the acceleration voltage in keV,
E¢ denotes the minimum emission voltage in keV for the bulk element, A denotes the atomic mass in
g/mol of the bulk element, p denotes the density in kg/m3, and Z denotes the atomic number of the

bulk element. Since in this study the Cu oxide compounds are investigated, the necessary parameters of
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Figure 4.3. Monte Carlo simulation of electron trajectories for CuzO (left) and CuO (right). The estimated penetration depth

for the respective material, 60-70 nm for CuzO and 50-60 nm for CuO, is marked by the reddish rectangle in both graphs.

the compound for the Eq. 4.1 must be evaluated. The density p for both materials is known and is
6.0 g/cm? for CuO and 6.32 g/cm? for CuO. For the evaluation of the analytic depth the mean atomic
mass Apean and the mean atomic number Z;, 04y, must be calculated. Ay eqn is defined by

NCu N, 0

Amean = “Acy +
Ntotal Ntotal

Ao (4.2)
where N¢,, denotes the number of copper atoms, Ny denotes the number of oxygen atoms and Niorqy
the total number of atoms in the molecule. The atomic number corresponds to the atomic mass of the
element. For this reason, the theoretical mean atomic number for CuO and Cu,O must correspond to
the molecular weight ratio of the compounds. Based on that, Zy, 4y, is defined by

Ney - Acu No - Ao
Zmean = M “Zey M " Zy (4.3)

where M denotes the molecular mass of CuO and CuzO, respectively. As can be seen in Table 4.1, the
emission voltage E for the compounds was defined to be the value for Cu, because the remaining energy

of the electron must be high enough for the excitation of the Cu X-ray quantum.
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Table 4.1. Material parameters for Eq. 4.1 of Cu and O and the corresponding values for the molecules Cuz0 and CuO.

ICalculated values according to the equations 4.2 and 4.3.

o S

Eo
G

(SO 0.930 0.523

|

g

3 3

0.930 0.930

47.701  39.78!
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6 6.32
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As a result, the calculation of the analytical depth with the data from Table 4.1 inserted in the Eq. 4.1

provides that the values for CuzO and CuO are 55.0 nm and 46.8 nm, respectively. The comparison of

the calculated analytic depth and the computed penetration depth of the electrons is illustrated in Fig. 4.4.

It is obvious that the compared results in Fig. 4.4 are slightly different. As an explanation, it must be

considered that the electrons lose energy the deeper they penetrate the material. For the characterization

of the Cu oxides, the electron energy must be suitable for the excitation of the Cu X-ray quant at 930 eV.

Consequently, it can be concluded that the electron energy below the calculated analytic depth in Fig. 4.4
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Figure 4.4. Comparison of Monte Catlo simulation of electron trajectories for CuzO (left) and CuO (right) and the calculated

analytical depth for the respective material, 55 nm for CuzO and 46.8 nm for CuO, marked by the red dashed line in both

graphs.
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is too low for the X-ray generation. Therefore, it can be summarized that the computation and the
simulation are in good agreement. It is worth noting that the calculated X-ray generation depth and the
appropriate propagation characteristics estimated by the Monte Carlo simulation of electron trajectories

define the measurement depth for the EDX characterization.

For analyzing oxide layers or oxide particles smaller than the calculated penetration depth, the ESB
detector was chosen. This detector provides a relative material contrast by BSE imaging and was applied
to validate the PF-KPFM results of the comparatively thin oxide layers. EBSD was used to identify the
grain orientation of the Cu layer. As the EBSD measurement displayed an amorphous structure of the

grown oxides, a discrimination of the Cu oxides by using EBSD was not possible.

In addition to the SEM techniques an additional chemical characterization was performed by reflectance
FTIR with a Thermo Nicolet Nexus 470 spectrometer in dry air environment (~23 °C, 0% humidity).
The detector is sensitive in the wave number range of 4000 cm™! to 400 cm! and the incidence angle of
the IR beam to the sample was 20°. Since CuO and CuO show different vibration modes [130], they
can be distinguished by FTIR. Thin oxide layers have still a highly reflective surface and therefore the
absorption area of the IR beam is very low. That limits the usability for detecting thin oxide layers. FTIR

was used as an additional validation of the EDX and the PF-KPFM results.

The Atomic Force Microscopy (AFM) measurements were performed with a Bruker Dimension Icon
AFM. Beside wvarious standard operation AFM modes, the AFM employed offers the
PF-KPFM [1006] operation mode, which is able to measure the CPD value. The CPD value constitutes
the difference of the work function of the AFM probe tip and the sample. In my setup, the measured
CPD is defined by the work function of the AFM probe tip @y, minus the work function of the sample
Dgample- Thus, a Demple higher than the Dy, yields negative CPD values and vice versa. However, a direct
characterization of the oxidation state by comparing theoretical and measured CPD values is not possible
because the work function of materials shows some variations which are dependent on e.g. crystal
structure or surface states and may not be assigned to a single value. Moreover, as the measurements
were performed under ambient conditions (~25 °C, 50% humidity), it needs to be taken into account

that a water layer may be present on top of the oxide surface and that this water layer influences the

CPD value [91].

PF-KPFM reveals additional mechanical properties such as adhesion and elastic modulus [101] and, most
important here, it provides the CPD values with improved sensitivity and repeatability in ambient air
[100]. The advantages of PF-KPFM are closely linked to appropriate AFM probe tips with higher quality
factor Q and lower spring constant k. I used uncoated silicon probe tips (PFQNE-AL from Bruker AXS)
with a nominal spring constant of 0.8 N/m and a resonance frequency of 300 kHz, which are especially
designed for PF-KPFM. The lateral resolution of PF-KPFM is closely linked to the shape of the AFM
probe used and the working distance of the AFM probe tip over the sample [106]. For the identification
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of particles in the nanometer range the adjustable working distance must be chosen in an accurate
manner. The impact of the working distance on the CPD signal is depicted in Fig. 4.5. By identifying
structures in the nanometer range, the CPD signal is influenced by the work function of the surrounding
material. As can be seen in Fig.4.5 the larger the distance between AFM probe tip and sample the greater
the influence of the surrounding material on the CPD signal. Therefore, it should be noted, that for the
most accurate CPD result of nanoscale particles the working distance has to be adjusted as low as
possible to minimize such influences and at the same moment the distance must be large enough to

avoid any disturbances caused by a direct tip-sample contact.

Figure 4.5. Influence of the working distance of the AFM probe tip during the scan on the area responsible for the CPD
signal.

In order to enhance the reliability of the results and to prevent artifacts due to contaminated or damaged
probe tips the measurements were repeated with different probe tips of the same type. The CPD values
obtained for thick oxides by PF-KPFM in association with the corresponding validation by EDX and
FTIR were taken as basis for the measurements of comparatively thin oxides obtained by the oxidation

step at 200 °C.

4.2  Evaluation of PeakForce Kelvin Probe Force Microscopy

In this study, PF-KPFM was used to characterize the oxidation state of thermally grown copper oxide
by using EDX and FTIR as reference. The 300 °C oxidized Cu sample exhibited a black surface which
indicates that the layer consists of cupric oxide CuO [38]. The copper layer oxidized at 120 °C exhibited
a reddish surface which suggests that the oxide layer consists of Cu2O [38]. Both observations are in

accordance with results obtained by other researcher [46,128].

EDX and FTIR were used to confirm this assumption. In Fig. 4.6 the EDX and the FTIR results of the
samples oxidized at 300 °C (Fig. 4.6a+b) or at 120 °C (Fig. 4.6c+d) are presented. The EDX

characterization of the sample oxidized at 300 °C (Fig. 4.6a) revealed a ratio of the atomic weight of
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Cu:O of 1.17:1, which is near the theoretical ratio of 1:1 of cupric oxide CuO. Compared to the
theoretical ratio, the slightly increased Cu value can be explained by the penetration depth of the electron
beam, which may exceed the CuO film thickness and intrudes into a subjacent CuO layer or into the
Cu substrate. Based on the previously simulated penetration depth the CuO layer seemed to be slightly
thinner than 47 nm. The EDX characterization of the sample oxidized at 120 °C (Fig. 4.6¢) yielded a
ratio of the atomic weight of Cu:O of 2.40:1, which is near the theoretical ratio of CuxO of 2:1. Again,
the electron beam may penetrate the CuxO layer and intrudes into the Cu substrate. Based on the
previously computed X-ray generation depth of approximately 55 nm, the increased Cu content suggests
a Cuz0 layer thinner than the mentioned depth. The small carbon (C) peak visible in the EDX results in
Fig. 4.6a+c suggests a carbon contamination of the oxidized copper samples. However, the carbon peak
for both samples oxidized at very different setups was observed to be very similar and I observed a
similar amount of C by using the same measurement setup on a plasma cleaned copper sample and even
on a plasma cleaned gold sample. Therefore, I interpreted the carbon peak as a general carbon
contamination of the SEM vacuum chamber. Even though the peak may be classified as a measurement

artifact, a carbon contamination of the oxide layer cannot be excluded completely.
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Figure 4.6. EDX (a+c) and FTIR (b+d) results of copper samples oxidized at 300 °C (a+b) and 120 °C (c+d), respectively.
The ratio of 1.17:1 for copper to oxygen (a) indicates a top CuO layer which is congruent with the absorbance peak at
597 em! in the FTIR results (b). The ratio of 2.40:1 for copper to oxygen (c) indicates a Cuz0 layer which is congruent with
the absorbance peak at 653 cm! in the FTIR result (d).

45



4. Nanoscale characterization of copper oxide by KPFM

The FTIR result of the sample oxidized at 300 °C (Fig. 4.6b) indicates two absotbance peaks at wave
numbers of 657 cm! and 597 cm!. Lefez et al. [130] mentioned the longitudinal optical vibration mode
of CuO at 600 cm™ and of Cu20 at 650-660 cm!. Thus, the absorbance peaks at 597 cm ! and at 657 cm!
observed in Fig. 3b can be assigned to CuO and CuO, respectively. The FTIR result is in good
agreement with the EDX result (Fig. 4.6a). Both methods identify the top oxide layer to consist of CuO.
The FTIR result of the sample oxidized at 120 °C (Fig. 4.6d) displays two main absorbance peaks at
wave numbers of 667 cm-1 and 653 cml. The band at 667 cm! is a main band of carbon dioxide in the
surrounding atmosphere and also visible without any sample present. The low absorbance band at
653 cm! is in the range of the longitudinal optical vibration mode of Cu,O [130]. In contrast to
CuO (Fig. 4.6b), the absorbance peak is very low because of the high reflectivity of the surface.
Notwithstanding the comparatively small FTIR signal, in combination with the EDX investigation and
the observed reddish surface, the grown oxide can be identified as Cu2O. The FTIR results of both
samples are in good agreement with the EDX results and the top oxide layers are identified as CuO and

Cu0, respectively.

40 nm

Topography 2 um

Topoga phy

Figure 4.7. AFM topography images of (a) the cuptic oxide CuO grown at 300 °C and of (b) the cuprous oxide CuzO grown

at 120 °C. The atrows in (a) highlight some nanowires.

Fig. 4.7 shows the surface morphology of both oxidized samples. The surface of the CuO layer (Fig. 4.7a)
differs significantly from the original Cu surface (Fig. 4.2). Comparatively large oxide grains and
nanowires can be seen on the CuO surface and the original Cu grain structure vanished. The topography
image of the CuxO surface (Fig.4.7b) shows very small oxide grains covering the surface. The CuO
surface (Fig. 4.7b) is very different compared to the CuO surface (Fig. 4.7a) because the grain size of
CuO is much larger than the grain size of CuzO. The surface morphology observed for CuO and Cu2O
is in agreement with the observations of other researchers [43] and confirms the EDX and the FTIR

results of this study.
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For the corresponding PF-KPEFM characterization, I performed 40 measurements on each sample at
different random positions. Fig. 4.8 displays the results. For the oxide previously identified as CuO, I
observed a CPD mean value of -802 * 33.3 mV and min/max values of -859 mV/-709 mV. For the
oxide previously identified as Cu2O, I observed a CPD mean value of -575 £ 28.6 mV and min/max
values of -635 mV/-524 mV. As the oxides were identified by different other methods to be CuO and
Cuz0, respectively, and as the respective CPD values obtained (Fig. 4.8) are well separated, I draw an
important conclusion: CuO and CuzO can be identified with PF-KPFM in ambient environment by a
corresponding characteristic CPD value range. The variations of the CPD values (Fig. 4.8) can be
explained either by an inconsistence of the thermally grown oxide caused by impurities or by the
influence of the ambient environment. The negative CPD values indicated that the work functions of
CuO and Cuz0 are higher than the work function of the AFM probe tip which is made of Si. In addition,
the results indicated that the work function of CuO is higher than the work function of Cu,O, which is

in agreement with other researchers [131,132].
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Figure 4.8. CPD value distribution with standard deviation from the mean value and minimum and maximum values of CuO
and CuzO according to the topography images in Fig. 4.7. Each single value was obtained by 40 PF-KPFM measurements on

a separate location with different probes of the same type.

4.3 Correlation of topographic features and oxide type at the nanoscale

Based on my conclusion that the Cu oxide type can be identified by a characteristic CPD value range, I
employed PF-KPFM to investigate the sutface change due to oxidation at a temperature of 200 °C after

two and five minutes. In contrast to the comparatively thick oxides characterized before, here, the oxides
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were grown near real bonding conditions and were much thinner. Fig. 4.9 shows the respective
topographies and the corresponding PF-KPFM images. The topography image after two minutes of
oxidation (Fig. 4.9a1) displays many small grains covering the surface, which is similar to the structure
of the CuzO surface observed in Fig. 4.7b. However, the CPD values of the PF-KPFM image (Fig. 4.9a2)
show a range of -730 mV to -620 mV, which exceeds the range of -635 mV to -524 mV previously
assigned to CuO (Fig. 4.8).

The extreme CPD values in the areas marked by dashed lines in Fig. 4.9a2 could be associated to
topographic artifacts (Fig. 4.9al) because they solely appeared at edges, ascending slopes of grains or
directly next to such topographic effects. These artifacts, which comprise only 2.6 % of the overall
number of CPD values, were excluded for further analysis and their extreme values are outside the

evaluated scale bar values of Fig. 4.9a2.

2 min

5 min

-700 mV

Oxidation time

Figure 4.9. AFM topography (al, bl) and PF-KPFM (a2, b2) images of a Cu surface oxidized at 200 °C in ambient air after
two (a) and after five (b) minutes. The areas marked by dashed lines highlight extreme CPD values outside the scale bar
values data regions of special topographic artifacts such as edges of grains. The areas marked by solid lines illustrate the

correlation of topography (al, b1) and PF-KPEFM result (a2, b2).

In the evaluated range of -730 mV to -620 mV the lower CPD values match the range of -859 mV
to -709 mV previously assigned to CuO (Fig. 4.8) while the higher values are in the region of -635 mV
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to -524 mV previously assigned to CuxO (Fig. 4.8). By inspecting the PF-KPFM image (Fig. 4.922) it
may be observed that the higher CPD values appear at the spacing between the grains whereas the lower
CPD values appear right at the grains. This important observation indicates that the visible small grains

consist of CuO and that the subjacent layer consists of CuzO.

In order to interpret the CPD values correctly, some aspects with respect to resolution and selectivity
need to be noted. The lateral resolution of PF-KPFM is closely linked to the shape of the AFM probe
used [106]. Therefore, in case of nanoscale grains or interspaces close to the size of the AFM probe tip

as imaged in Fig. 4.10, the CPD values of grains and interspaces are influenced by each other.

As the grains and particularly the interspaces are comparatively small, the respective CPD values detected
by the AFM probe may interfere to some extent, which poses an averaging effect. Nevertheless, the
results show that PF-KPFM is able to distinguish the oxides precisely and that even after two minutes

at a temperature of 200 °C a CuO layer on top of a CuO layer may be observed.

[\

Figure 4.10. Averaging effect of the CPD signal by measuring nanoscale grains and interspaces.

After five minutes of oxidation at 200 °C the topography (Fig. 4.9b1) changed significantly. Compared
with Fig. 4.9al the topography in Fig. 4.9b1 indicates that oxide grains merged and interspaces increased
considerably. Again, the PF-KPFM image (Fig. 4.9b2) shows lower CPD values for the grains and higher
CPD values for the gaps, which is an indication for CuO grains on top of a Cu,O layer. As before, the
CPD values at edges or ascending slopes of grains were allocated to topographic artifacts (Fig. 4.9b,
dashed lines) and were excluded (~0.5%). The CPD values evaluated range from -700 mV to -525 mV.
The lower CPD values correlate with the grains (Fig. 4.9b) and the higher CPD values correlate with the
gaps. The higher values of the gaps match the range observed for CuxO (Fig. 4.8) while the lower values
are slightly below the range observed for CuO (Fig. 4.8). Since the gaps in this case are much wider than
before, they could increase the overall level of CPD values measured toward the CuzO range (Fig. 4.8)

as a result of the averaging effect posed by the AFM probe addressed in Fig. 4.10.

To validate my assumption that CuO grains sit on top of a Cu2O sub-layer, the distribution of the elastic

modulus was investigated (Fig. 4.11a). Fig. 4.11a is scaled in arbitrary units and provides relative
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information rather than absolute values. Nonetheless, the results show that the grains and the structure
beneath have different elastic moduli and can clearly be assigned to different materials. An additional
BSE image (Fig. 4.11b) supports this result because it displays a material contrast between the grains and
the underlying structure. Therefore, I allocate the grains with the lower CPD values to CuO and the
interspaces with higher CPD values to Cu,O indicating a Cu,O sub-layer. The PF-KPFM measurements
show that, after the increased oxidation time from two to five minutes, the small CuO grains apparently
merged thereby increasing the CuO grain size and the interspace width rather than building a more

homogeneous, compact oxide film.

low

0 Elastic Modulus 1 pm “500 nm  EHT=1KkV Mag=50KX ESB

Figure 4.11. The distribution of the elastic modulus (a) indicates different elastic moduli corresponding to Fig. 4.9b1 and
4.9b2 illustrated by the solid lines. The BSE image (b) of the same sample in Fig. 4.9b1 at another position reveals a matetial
contrast between the grains and the underlying structure highlighted by the circles. Both images, (a) and (b), discriminate

different surface materials.

On the foundation of my EDX and FTIR analyses of thick Cu oxide films, I found characteristic CPD
values for CuO and CuyO, respectively, by PF-KPFM measurements at ambient conditions (Fig. 4.8).
Employing PF-KPFM in air along with the associated characteristic CPD values, it was possible to
determine the local oxidation state of thin oxide layers and local surface structures grown by short time
thermal oxidation near bonding conditions. As an important consequence, therewith, the method allows
the correlation of topography and oxidation state with spatial resolution in the nanometer scale. For the
development of a reliable bonding process the interplay of topography and local oxidation state may be
important but is still widely unknown. A homogenous, compact oxide layer as seen in Fig. 4.7b or 4.9al
could influence the bonding result differently than comparatively separated oxide grains on an oxide
sub-layer as seen in Fig. 4.9b1. Therefore, PF-KPFM in air is a valuable tool for root cause analysis and

further research toward increased Cu bond quality.
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44  Summary

Different copper oxides, cupric oxide CuO and cuprous oxide Cu20, may clearly be distinguished by the
CPD value measured by PF-KPFM at ambient conditions. The PF-KPFM results were validated by
EDX and FTIR measurements. The statistical evaluation of the measured CPD values demonstrated
that even the maximum and minimum values do not ovetlap, and therefore the Cu oxides may clearly
be distinguished solely by PF-KPFM. For CuO PF-KPFM yields CPD values in the range of -859 mV
to -709 mV and for CuzO in the range of -635 mV to -524 mV. Based on those results, the investigation
of the oxidation at the bonding temperature of 200 °C yields that already after two minutes CuO has
grown on top of a Cu0 layer. The small CuO grains cover almost the whole surface. At five minutes of
oxidation the small CuO grains apparently merged and build up larger grains. Additionally, the gap
between the CuO grains increased and can clearly be identified to consist of CuzO indicating a Cu2O

sub-layer.
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5. Numerical study of hydrodynamic forces for AFM operations in

liquid

Since the invention by Binnig in 1986 [95], the atomic force microscopy (AFM) is finding increasing use
in the characterization of chemical surface modifications [133,113] to achieve a chemical mapping of the
surface in the nanoscale. This advanced method is called Chemical Force Microscopy (CFM) [113,110]
and is based on sensing the interaction forces between a chemical modified AFM probe tip and the
sample surface. The measurement environment plays an important role for the performance of CFM
because any attractive or repulsive forces influenced by the measurement environment could obscure
the molecular forces. In general, AFM experiments are carried out in ambient atmosphere similar to the

schematic depicted in Fig. 5.1a. Under these conditions, a water layer usually covers both tip and sample.

a) b)

Ultrapure water

Water layer

Figure 5.1. Schematic of AFM operation in air a) or in liquid b) environment.

Such a thin film of water gives rise to capillary forces between AFM probe tip and sample surface having
a strong impact on the force-distance curves [134]. Fig. 5.2 displays the comparison of the tip sample
interaction influenced by the measurement environment in detail. The water meniscus due to the water
layer present in the pull-off forces obscure the molecular adhesion forces under surveillance between
the modified tip and the sample surface as they are two to three magnitudes larger [134,111]. Therefore,
the air environment is not suitable for the reliable measurement of molecular adhesion forces. For CFM
experiments the adhesion force evaluated from the force-distance curves should reflect the interplay
between the chemical modified tip and the sample surface. A liquid environment (Fig. 5.1b and Fig. 5.2)
can eliminate the capillary effect and thus the detrimental effect of the pull-off forces and hence, enables
the measurement of molecular adhesion forces one or two orders of magnitude less than is possible in

air [111,135].
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Figure 5.2. Comparison of the tip-sample interaction during separation in air and in liquid environment.

Beside the increased sensitivity for detecting adhesive forces, the liquid environment also improves the
investigation of very soft sample surfaces by applying very low forces. Therefore, in recent literature

AFM measurements of biological samples were undertaken in liquid environment [136—138].

The mechanical behavior of the moving AFM cantilever depends on density and viscosity of the ambient
medium. A liquid, such as ultrapure water, possesses substantially different values of density and viscosity

than air. At standard environmental conditions of 293 K and 1013 hPa, the density of ait pg; is

1.2044 % and the dynamic viscosity Ugiy is 1.8140-10°° Pa's. The density pyqgter of ultrapure water

is 999.615 % and the dynamic viscosity fhygeer is 1.009347-1073 Pa-s. The much higher density and

viscosity of the liquid affects the force measurements by hydrodynamic drag forces [138-140]. Various
researcher stated that the influence of this effect is already more significant for cantilever tip velocities
above a few um/s [138-142]. In their study, Mendez-Mendez et al. [138] introduced a numerical model
to predict the hydrodynamic forces for tip velocities up to 105 um/s. They show that the usage of
different fluids significantly influences the drag force acting on the cantilever and confirm that the drag

force dependence on tip speed is essentially linear in nature.

In recent literature, for the investigation of very soft samples or especially organic samples, the
PeakForce Tapping (PFT) mode [98] was introduced to control vertical forces in the range of some tens

of pico-Newtons [137,100]. Additionally, PFT enables the mapping of nano-mechanical properties
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[98,143]. This advanced characterization technique also provides advantages for the investigation of
chemical modifications by CFM because this dynamic operation mode enables a complete chemical
mapping of the surface [109,108] and is not just limited to applying individual force-distance curves at
distinct measurement points. The combination of PFT and CFM is defined as dynamic Chemical Force

Microscopy (dCFM).

In contrast to the hydrodynamic drag forces for tip velocities up to 105 um/s researched by
Mendez-Mendez et al. [138], for PFT performed in an aqueous solution, the cantilever tip is operated in
a sinusoidal z-movement with an oscillation frequency of usually 1 kHz and oscillation amplitudes
ranging from 50 nm to 300 nm. Based on these parameters, the maximum cantilever tip velocity in the
fluid can vary from 314 um/s to even 1885 um/s. Therefore, other tesearchers stated that the
hydrodynamic forces in a fluidic environment can be as high as 10-20 nN [100]. The measurement

principle of PFT was explained in detail in section 3.1.1.

This magnitude of parasitic hydrodynamic forces may distort the outcomes and could limit the control
of the vertical forces significantly. Consequently, further research is necessary to investigate the
hydrodynamic drag forces acting on the cantilever during the PFT operation in liquid environment. The
present work addresses these needs and provides a numerical model to investigate the hydrodynamic
drag forces for different cantilever geometries and varying fluid conditions for tip speeds associated with
PFT measurements. Therewith, the measurement setup can be optimized by minimizing parasitic drag
forces and by reducing experimental uncertainties for a more precise force control regarding studies of

soft samples in liquids.

5.1 Numerical Model

In this study, a fluid dynamics simulation based on the finite element method (FEM) was performed.
FEM divides a complex problem in many finite small elements. By using a finite number of parameters,
a set of partial differential equations with some boundary conditions can be solved. In the case of the
AFM probe movement in the fluidic environment, the FEM simulation is based on the Navier-Stokes
equations for fluid dynamics which describe the motion of viscous fluids. The terms of the equations

correspond to the inertial forces Fipertiar, the pressure forces Fyressyre, the viscous forces Fyigeoys and

the external forces Fgyy applied to the fluid. The different terms are related as follows:

Finertial = Fpressure + Fm’scous + Fext' ( 5.1 )
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The different forces can be described as:

ou (5.2)

Finertiar = P (E tu- Vu)
Fyressure = —Vp (53)
(54)

Fyiscous = V- (M(Vu + (Vu)T) - g#(vu)l)

where U represent the fluid velocity, p is the fluid pressure, p and p are the fluid density and the fluid
dynamic viscosity, respectively. [ is the identity matrix and T is defined to be the notation for a

transposition. Combined the terms denote the Navier-Stokes equations for a compressible Newtonian

fluid:

p (% +u- Vu) = -Vp+V (,u(Vu + (Tw)T) — %u(Vu)I) + Fope. (5.5)

These equations represent the conservation of momentum and are always solved together with the

continuity equation described as:

a
2+ V(pw) = 0. (5.6)

The continuity equation represents the conservation of mass, whereas the Navier-Stokes equations
symbolize the conservation of momentum. By using these general equations, the fluid velocity and the
pressure in a given geometry can be calculated. For the best and fastest solution, the equations have to
be adapted to the real conditions. As mentioned before, the Eq. 5.5 and 5.6 represent the Navier-Stokes
and the continuity equations, respectively, for a compressible Newtonian fluid. However, for the model
of the AFM probe movement the fluids of interest are liquids such as ultrapure water which are known
to be incompressible Newtonian fluids. The fundamental statement for an incompressible fluid is that
the density p is constant over the whole volume. Based on this assumption, the continuity equation can

be simplified to:
pVu =20 (5.7)

The continuity equation for an incompressible fluid states that the divergence of the velocity is equal to

zero. Applied to the Navier-Stokes equations from Eq. 5.5 the viscous force term simplifies to:

d 5.8
p (6_1; +u- Vu) = —Up+V-(u(ru+ (Tu)7)) (>8)

Additionally, external forces Fe,¢ such as gravitational forces are very small and can be neglected as well

for the model.

For the simulation of the hydrodynamic effect, the cantilever movement in the fluidic environment is

interpreted as a fixed body flowed by a fluid. This principle, schematized in Fig. 5.3, assumes that the
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cantilever movement in the fluidic environment is identical to a fluid circulating around a fixed cantilever.
Since the relative velocity from the cantilever to the liquid is the same, both approaches are valid for the
simulation of the hydrodynamic force. Fig. 5.3 shows two different flow effects. Laminar flow occurs if
the fluid passes the cantilever without turbulences and accordingly turbulent flow is described as a stream

subject to disturbances.

turbulent l[aminar

Cantilever
(>

Figure 5.3. Principle of the fixed cantilever flowed by a fluid. Laminar and turbulent fluid flow effects are marked.

The laminar as well as the turbulent flow could affect the parasitic force acting on the AFM cantilever
during its movement and therefore, both must be considered in the numerical model. Simulations of
turbulent flow models are usually computationally expensive because such models are often transient in
nature and therefore, they need a high resolution to match the needs in both, the time and space domain.
In this study, the simulation was performed by using the Comsol CFD (Computational Fluid Dynamics)
model which is based on the Reynolds-Averaged Navier Stokes (RANS) formulation for incompressible
fluids. Since in most applications the average quantities are of interest, the RANS formulation of the
Navier Stokes equations averages for the modeling of turbulent flows the velocity and pressure fields in

time [138,144]. The RANS formulation is as follows:
p(U-VU) = =VP +V(u(VU + (VU)")) = VpRstress (5.9)

where U and P are the time-averaged velocity and pressure, respectively. The term pRgpess is called
Reynolds stress and represents the components of the total stress in a fluid obtained from the averaging

operation used for the RANS formulation to account for the turbulent fluctuations in fluid momentum.
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According to the Boussinesq hypothesis introduced in 1877 the Reynolds stress term can be expressed

as:

2
PRstress = —pr(U + (VU)T) + §pKt (5.10)
where U represents the turbulent viscosity and K is the turbulent kinetic energy. Combined with Eq.
5.9 the RANS formulation is:

) (Z_I; tu- Vu) = ~Vp + V(u(Vu + (Vi)") + V(ur (Vu + (Vw)")) — ngc (5.11)

For the evaluation of the turbulent viscosity pr an additional transport model must be introduced. A
very versatile model is the K-epsilon (K-¢) turbulence model [145,146]. This model calculates Wy by
solving two additional equations for the transport of turbulent kinetic energy K; and the turbulent

dissipation €.
The turbulent viscosity g is modeled as:

K2 (5.12)

= pC
Ur p u €
The model constant C, is an empirical constant as mentioned in literature [145,146]. The RANS
equations combined with the introduced K-e turbulence model can be used to simulate both, laminar

and turbulent flow effects during the cantilever movement in the fluidic environment.

5.2 Cantilever Model

In this study, commercially available cantilever types with chemically modified tips (ST-PNP from
Nanoandmore GmbH and Nanocraft Coating GmbH) are considered. All cantilevers are made of silicon
nitride (SisNy). The shape is either triangular or rectangular. Fig. 5.4 shows the geometrical dimensions

of the different cantilevers including the supporting chip.

Beside the geometry of the cantilever material, parameters such as the Young’s modulus E are very
important because they strongly influence the stiffness k and the deflection of the cantilever. In case of
the Young’s modulus E an exact value for the cantilever material is not specified. In contrast, the average
stiffness or spring constant k of the cantilevers are provided by the manufacturer. Accordingly, the
triangular cantilevers possess spring constants of 0.08 N/m and 0.32N/m and the rectangular
cantilevers of 0.06 N/m and 0.48 N/m for 200 um and 100 um cantilevers length, respectively. An
overview of all cantilever dimensions and their averaged spring constants provided by the manufacturers

is summarized in Table 5.1.
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Figure 5.4. (a) Triangularly shaped cantilever with a length L. of 200 pm and 100 um; (b) 200 um and 100 um long
rectangularly shaped cantilever; (c) Cantilever thickness and AFM tip geometry identical for all geometries; (d) Main

components considered for the cantilever model consisting of the support chip which catries the SisNy cantilever.

However, these values may vary due to some manufacturing tolerances. For the fluid dynamics, the

effective values for k as well as for the Young’s modulus E are very important because based on Hooke’s

law,
F=k-Az, (5.13)

the force F acting on the cantilever is directly dependent on the effective spring constant k and the
corresponding cantilever deflection Az. Adopting this assumption means that a methodology for
calculating an effective value for the Young’s modulus E and the spring constant k of the cantilever is

required. The three-dimensional model of the triangular cantilever based on the geometrical data in Table

5.1 is shown in Fig. 5.4d.
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Table 5.1. Summary of the geometrical dimensions of the cantilevers introduced in Fig. 5.4 and their spring constant k

Length L [pm] 100

Width W [um] 40 40 13.5 28
Thickness T [um] 0.6 0.6 0.6 0.6
Tip Height H [pm] 35 35 35 3.5

Spring constant k [N/m] 0.48 0.06 0.32 0.08

The values for the lateral dimensions of the pyrex support chip are provided by the manufacturer. The

pyrex chip as well as the positioning of the cantilever in Fig. 5.4d are identical for the rectangular

cantilever shape. For these model geometries, the exact spring constant and the effective value for the

Young’s modulus E of the cantilevers have to be evaluated.

spring constant k / N/m

0.11

|~ Rectangular L200
—&— Triangular L200

0.09
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|
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I

\ \
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200 210 220 230 240 250 260 270 280 290 300
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Figure 5.5. Relationship between spring constant k and Young’s modulus E for the rectangular and triangular cantlever with

alength L of 200 pm

For the calculation, the ends of the cantilevers were fixed and a force in the range of 1 nIN was applied

to the tip. The Young’s modulus E was varied in the range of 200-300 GPa. A deflection of the cantilever

was achieved by the applied force to the probe tip and the corresponding spring constant k was
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Figure 5.6. Relationship between spring constant k and Young’s modulus E for the rectangular and triangular cantilever with

alength L of 100 pm

calculated using Eq. 5.13. The Fig. 5.5 and 5.6 illustrate the computed values in a diagram with k as a
function of E. For all cantilevers the results yield a linear relationship between k and E. Compared with
the spring constant values supplied from the manufacturer the corresponding Young’s modulus E would
be different for each cantilever type. As the material for all cantilevers is the same, the material properties
specified in the simulation model should be kept constant, too. By this reason, the Young’s modulus E
for SisNy4 used as cantilever material is defined to be 250 GPa and the corresponding spring constant k
is evaluated based on the outlined results in Fig. 5.5 and 5.6. In Table 5.2 the relations for k as a function
of E extracted from the plotted curves in Fig. 5.5 and 5.6 and the calculated spring constant k for a

Young’s modulus E of 250 GPa are stated. By comparing the spring constants of the cantilevers provided

Table 5.2. Evaluated spring constant k of the cantilevers for a Young’s modulus E of 250 GPa.

Cantilever Length L spring constant k

Rectangular k=E-(2.746- 10~*m) 0.0687
Triangular 200 k =E-(3.494-10~*m) 0.0874
Rectangular 100 k=E-(2.305-1073m) 0.5763
Triangular 100 k=E-(1.311-1073m) 0.3278
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by the manufacturer summarized in Table 5.1 and the calculated spring constants in Table 5.2, it can be
noticed that in most cases the k values are very similar. Only the computed spring constant of
0.5763 N/m for the rectangular cantilever with a length L. of 100 um is significantly higher than the k

value provided by the manufacturer.

5.3 Fluid Model

In the introductive part of this section the importance of the fluidic environment for the measurement
of the interaction forces by dCFM was outlined. In this respect, the focus was on water or ultrapure
water, but alternative solvents may also be useful to improve interaction forces and thus to increase
measurement accuracy. Investigations of different researchers have handled the influence of various
solvents on the interaction force between chemical modified probe tips and sample surfaces
[113,147,148]. Thereby, the ethanol-water mixture has proven to be a promising solvent for measuring
interaction forces. Kokkoli and Zukoski [147] as well as Yaacobi and Ben-Naim [148] have shown in
their studies that mole fractions of ethanol (EtOH) up to 0.2 can increase the strength of hydrophobic
interaction forces. Additionally, they stated that a higher ethanol mole fraction in the ethanol-water
mixture results in a significant lowering of the interaction forces. Besides the strengthening of the
interaction forces by the EtOH content, a possible side effect could be a prevention of the chemical
modified tip and the sample surface from organic contaminations. In the long term the probe tip stability

can be improved.

Though, by mixing ethanol with water fluid properties such as the density p and the dynamic viscosity
U may be changed significantly. As these variables are fundamental for the drag forces acting on the
cantilever during the movement in the solvent, any deviation caused by an increase or decrease of the

density and viscosity of the medium must be considered in the simulation model.
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Figure 5.7. Change of the density p and the dynamic viscosity i in relation to the mass fraction of ethanol in an ethanol-
water mixture at a temperature of 25 °C (298.15 K) based on [149]. The solid line indicates the fitted values derived by Eq.

5.14 and 5.15 up to an ethanol concentration of 40%.
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The diagrams in Fig. 5.7 relate the mass fraction of ethanol in an ethanol-water mixture to the density p
and the dynamic viscosity u of the resulting solvent at a temperature of 25 °C. The plotted values were

measured by Gonzales et al. [149)].

Adapted from these values the mathematical description of the diagrams can be derived. Based on the
assumption that small quantities of ethanol could cause a strengthening of the interaction forces

[147,148], the formulaic description only was derived for an EtOH mass fraction Xg¢op in the range of

0 to 0.4.
P =g+ Ay Xeron + Az " Xoron + A3 Xoron + Qs Xgron  fOT 0 < Xepop < 0.4 (5.14)
W = by + by " Xeton + b2 'xgtoh + b3 - xStoh + by xgtoh for 0 < xgon <04 (5.15)

The values of the variables can be seen in Table 5.3. The coefficient of determination R? for the fitted
values in Fig. 5.7 is 99.9 %, which emphasizes that the derived equations are suitable for describing the
dependence of the mass fraction of ethanol in the ethanol-water mixture on the density p and the

dynamic viscosity Q.

Table 5.3. Derived values of the variables for the formulaic description in Eq. 5.14 and 5.15.

ay a a as ay
999.397 | -448.709 1509.0 -5302.06 | 6338.21
by by b, b3 b,

0.999606 | 14.5865 | -23.2774 | -56.7031 | 117.223

Obviously, adding ethanol to an ethanol-water mixture causes a very opposed trend for the density and
the viscosity of the mixture. Especially, for the interesting range below a fraction of 0.2, Fig. 5.7 shows
that the density is reduced slightly, but the dynamic viscosity is increased very strongly in this area. By
using the derived fluid properties of the ethanol-water mixture calculated by the equations 5.14 and 5.15,
the fluidic environment in the simulation model can be defined to be either ultrapure water or an ethanol-

water mixture.

For the AFM measurement, a special cantilever holder for fluid operations is used. Fig. 5.8 presents the
geometrical model developed for the simulation of the fluid dynamics according to the cantilever model
DECAFMCH from Bruker AXS. The geometry in Fig. 5.8 is modeled for realistic conditions during the
AFM scan in fluid. The colors mark the different parts such as cantilever chip holder, cantilever chip,
fluid and sample. The probe tip is completely immersed in the liquid, which completely covers the sample

surface at the area of interest.
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Cantilever Chip

Cantilever Chip Holder

Sample Fluid

Figure 5.8. Geometrical model of the cantilever holder (DECAFMCH from Bruker AXS) with a mounted AFM probe

(Fig. 5.4) (left) and probe holder with mounted probe immersed in a fluid on top of a sample surface (right).

For the simulation model the different parts of the probe holder were eliminated. As a result, Fig. 5.9
illustrates the shape of the fluid medium on top of the sample surface. The outer limitations of the liquid
medium were defined as boundary conditions. As an additional precondition the AFM cantilever
immersed in the fluid was specified to be fixed at the base and is freely suspended at its end, where the

tip is located.

Figure 5.9. Fluid medium shape and AFM cantilever on top of the sample surface in the AFM experimentation based on the

sketch in Fig. 5.8.

The relation between the real cantilever movement and the fluid flow direction for the simulation can
be described as indirect proportional. The correlation is also pointed in Fig. 5.10. As a result, the
z-movement of the cantilever in the fluid during the approaching to or withdrawing from the sample

surface is equivalent to a fixed cantilever flowed by the fluid in the opposite direction.
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The sinusoidal movement of the AFM cantilever in the fluid can be described as:

2(t) = Zypqy * sin(2rf - t) (5.16)

whete Zpg, represents the amplitude maximum of the sinusoidal cantilever movement, f is the
oscillation frequency and t is the time. Zy, g, can be varied from 50 nm up to 300 nm. The velocity can

be calculated by differentiation:

v(t) = £2() = Ziay - 2f - coS(2nf - ). (5.17)

The highest drag forces may be expected for the maximum relative velocity of cantilever and fluid. This
is independent whether the model of Fig. 5.3, resting cantilever and moving fluid, with which the force
calculations are performed, or real measurement conditions, resting liquid and moving cantilever, is
considered. This correlation is also shown in Fig. 5.10. The maximal cantilever velocity Vy,q, for the

model can be deduced from real measurement conditions by:

Vmax = Zmax ' 2Tf. (5.18)

Transferred to the simulation model, the force deflecting the cantilever induced by the movement in the

liquid medium can be calculated according to Eq. 5.18.

z-movement Flow
Approach direction

Flow Z-movement
direction Withdrawal

Figure 5.10. The fluid flow direction chosen in the simulation model related to the cantilever’s z-movement in real. The

movement of a body in the fluid is equivalent to a fixed body flowed by the fluid.

64



5. Numerical study of hydrodynamic forces for AFM operations in liquid

5.4 Results and Discussion

The introduced simulation model can evaluate the deflection of the cantilever caused by the liquid
environment. The 3D plot in Fig. 5.11 images the achieved result of the simulation. The plot contains
two different information which are illustrated by the color scales, the flow velocity of the fluid medium
and the displacement of the cantilever as well as of the Cu substrate. It can be seen, that the fluid flow
in the outer area is zero and that the displacement of the Cu substrate caused by the fluid flow is zero.
Much more interesting is the area around the cantilever which is also shown in Fig. 5.11. The cantilever
shape colored with respect to the displacement as well as the streamlines illustrating the fluid flow around

the cantilever can be roughly seen.

Displacement/ nm
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Flow velocity / pm/s

Figure 5.11. Simulation result and zoomed region of interest of the cantilever. The area of the fluid medium as well as the
streamlines around the cantilever are highlighted corresponding to the color range of the flow velocity. The colors of the

cantilever and the Cu substrate correspond to the color scale of the displacement caused by the fluid flow.
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Consequently, the interesting area around the cantilever is illustrated in more detail in Fig. 5.12. In this
tigure the cantilever can be seen more clearly. The colors of the cantilever shape illustrate the respective
deflection of the cantilever according to the displacement color scale. It is obvious that the tip end of
the cantilever experiences the highest bending. The streamlines depicted in Fig. 5.12a represent the fluid
flow around the cantilever. The associated flow velocity of the streamlines is indicated by the respective

color scale. It can be concluded that the resulted velocity variation is induced by the resistance to flow

Displacement/ nm
0 1 2 3 4 5 6 7 8

(b)

O O % G & 20 Oy o O
Y % % % %, 0 % % %,

Flow velocity / um/s

Figure 5.12. Simulation result around the cantilever area showing in (a) the flow velocity around the cantilever by streamlines
as well as the deflection of the cantilever and in (b) also the deflection of the cantilever as well the pressure acting on the

cantilever because of the fluid flow highlighted by red arrows.
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of the cantilever. Due to this resistance, the liquid flow results in pressure acting on the cantilever which
is highlighted by the red arrows in the Fig. 5.12b and this pressure causes the deflection of the cantilever.
Upon these results, the drag force can be calculated by using the spring constant which was evaluated in

section 5.2.

For a reliable simulation model, the calculated results must be hedged by comparing with own
measurement results or with published data from other researchers. In the experimental part regarding
the PeakForce Tapping [98] method the background subtraction algorithm was already introduced. This
algorithm dramatically gains the signal-to-noise ratio and enables the application of very low peak forces
in the range of some tens of pico-Newtons which is essential for the measurement of very soft sample
surfaces [100,137]. However, this background subtraction limits the investigation of the real
hydrodynamic forces. Consequently, the evaluation of the simulation model was realized by comparing

the simulated results with published data of other researchers.

5.4.1 Evaluation of the sensor dynamics simulation model

The simulation model was developed to estimate the influence of the liquid medium on the cantilever
deflection during the PFT operation mode. For an evaluation of the present model appropriate for PET
operations presented in this work, the studies of other researchers were used. Janovjak et al. [139]
quantified hydrodynamic drag forces as a function of pulling speed using the scaled spherical model of
Alcaraz et al. [140]. Mendez et al. [138] introduced a numerical model to predict the hydrodynamic drag
force in measurements undertaken in fluids and already compared their model with the results derived
in the study of Janovjak et al. [139]. In both works, the hydrodynamic drag force obtained for a small
OTR4 Olympus V-shaped cantilever in water was presented. Fig. 5.13 shows the respective cantilever

model with exact geometrical dimensions.
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Figure 5.13. Cantilever model OTR4 Olympus with a thickness of 0.4 um according to the data in [138] and [139].

67



5. Numerical study of hydrodynamic forces for AFM operations in liquid

To compare the results of both studies with the model developed in this work, the methodology
described in section 5.2 to calculate the effective spring constant for a Young’s modulus E of 250 GPa

at a temperature of 25 °C was used. The value of the effective spring constant calculated for the
cantilever shown in Fig. 5.13 was 0.1402 % Fig. 5.14 compares the results of the present model with

the results of the other studies. The predictions of the present model are in good agreement with the
results of the other researchers. The linear dependence of drag force and tip velocity is clearly visible.
Especially the results of Mendez et al. [138] accord very well with the numerical predictions of the present
model. Based on these outcomes it must be noted that the introduced model is very well suited to predict

the drag force caused by the AFM probe tip movement in a liquid measurement environment.
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Figure 5.14. Comparison of the FEM simulation results with the numerical predictions published by Mendez et al. [138]
and Janovjak et al. [139].

5.4.2 Sensor dynamics in ultrapure water

For AFM fluid imaging application in general and dCFM measurements in particular, the frequency for
the probe tip movement was fixed to 1 kHz. The amplitude of the cantilever oscillation can be changed
in the range of 50 nm up to 300 nm. Therefore, the flow velocity in the simulation model was varied

within this amplitude range with respect to Eq. 5.18.
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Fig. 5.15 presents the hydrodynamic drag force in relation to the oscillation amplitude for the different
cantilevers under investigation. The drag force acting on the cantilevers changes significantly with the
amplitude and displays a linear behavior. The maximum drag force for the triangular cantilever is much
smaller than for the rectangular cantilever geometry. This may be interpreted that triangular cantilevers
provide an improved flow behavior. Shorter cantilevers cause smaller drag forces than longer cantilevers.
This can be explained by the fact, that with cantilever length the effective area presented to the liquid is
increased which causes increased drag forces and vice versa. As can be seen in Fig. 5.15, the cantilevers
are subject to different drag forces for approach and withdrawal movement. These differences vary from
0.28% and 0.79% for the 100 pm triangular cantilever and the 100 um rectangular cantilever to 6.09%
and even 12.80% for the 200 um triangular cantilever and the 200 um rectangular cantilever, respectively.
The general difference can be explained by the tip geometry increasing the drag force during the
approach movement. As an important outcome, it is worth noting that the 200 um long cantilevers

provide a much lower relative difference in drag force for triangular versus rectangular geometries
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Figure 5.15. The maximum drag force versus the oscillation amplitude for different AFM cantilevers in water at 25 °C for a

tip-sample distance of 500 nm. Both the values for the approach and the withdrawal are plotted.
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compared to 100 um long cantilevers. Overall it is obvious that the triangular cantilever with a length of

100 pm features the lowest drag force during the approach movement as well as during the withdrawal.

The computed drag forces are much higher than the values calculated for the evaluation of the simulation
model in Fig. 5.14. The tip speed during the PFT operation ranges from 1885 um/s for an amplitude of
300 nm to 314 um/s for an amplitude of 50 nm and these values are much higher than the velocities
considered in Fig. 5.14. For this reason, the drag forces achieved for the dCFM conditions are much
higher. Compared to that results, Schillers et al. [100] also mentioned that the hydrodynamic forces can
be as high as 10-20 nN. As can be seen in Fig. 5.15, it can be confirmed that such force values are in the
scope of this work depending on cantilever type and length as well as amplitude of cantilever movement.
As an important conclusion, for dCFM operations in the liquid environment triangular cantilever
geometry and short cantilevers are recommended. Consequently, for the further examinations presented

in this study the triangular cantilever with a length of 100 um were considered.

The outcomes in Fig. 5.15 were achieved for operations in ultrapure water at 25 °C. These conditions
are close to normal ambient air. However, during operation the AFM equipment and thus the liquid
environment becomes warmer due to energy dissipation of the equipment. The main parameters of the
fluid influencing the hydrodynamic forces are the density p and the dynamic viscosity . The relationship
between temperature and density as well as temperature and dynamic viscosity is indicated in Fig. 5.16.
The temperature dependence of the fluid properties were derived from the Comsol built-in material
library and were also confirmed in literature [150]. Both curves exhibit that the density as well as the

dynamic viscosity decrease significantly at higher temperatures.
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Figure 5.16. Temperature versus density p (left) and dynamic viscosity p (right) of water derived from the Comsol built-in

material library and [150].
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Transferred to the simulation model the influence of the fluid temperature on the drag force can be
investigated. Based on the previous evaluation of the different cantilever types in Fig. 5.15, the influence
of the fluid temperature was examined for the 100 um long triangular cantilever. The variation of the
drag force influenced by the temperature is shown in Fig. 5.17. As expected from the data depicted in

Fig. 5.16, an increase of the fluid temperature to 35 °C lowers the drag force significantly.
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Figure 5.17. The maximum drag force versus the oscillation amplitude of the 100 pm long triangular cantilever at various
temperatures of the water for a tip-sample distance of 500 nm. Both the values for the approach and the withdrawal are

plotted.

For a more detailed investigation of the temperature influence, the simulation should be performed for
an extended temperature range. By examining the results in Fig. 5.17, I could figure out that the relative
variation induced by temperature change is identical for each amplitude value. The rise of the
temperature from 17 °C to 35 °C leads to a reduction of the drag force by approximately 31%. The
variation from 25 °C to 35 °C still results in 17% lower drag forces. The finding that the relative variation
induced by temperature change is identical for each amplitude value is very important. It means that for

the further investigation of the temperature influence on the drag force it is sufficient that the
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temperature change is calculated at a single amplitude value. This procedure is essential time- and

resource-saving.

Fig. 5.18 presents the drag force over the fluid temperature for ultrapure water and a 100 um long
triangular cantilever operated at an oscillation amplitude of 100 nm. As expected from Fig. 5.16, the
increasing fluid temperature lowers the drag force significantly. The labels of the data points represent
the percentage change with respect to the force at a temperature of 25 °C. An increase from 25 °C to
30 °C reduces the drag force by 9.4% and a further increase to 35 °C decreases the drag force by 17.2%.

It clearly illustrates that the fluid temperature influences the drag force significantly.
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Figure 5.18. The maximum drag force versus the temperature of the surrounding ultrapure water during the operation of the
100 um triangular cantilever at an oscillation amplitude of 100 nm. The labeling of the data points is the percentage change

based on the drag force at a temperature of 25 °C

As mentioned previously, the percentage change of the drag force at a single oscillation amplitude can
be transferred to the remaining amplitude values. Pinpointed in Fig. 5.19 the outcomes of the calculated
values based on the percentage change derived in Fig. 5.18 can be seen. Fig. 5.19 represents in more
detail the significant influence of the fluid temperature on the drag force over an extended temperature
range. Due to Fig. 5.18 and 5.19, it can be concluded that a slight temperature increase reduces the drag
force significantly and may thus influence AFM measurement results. Therefore, it is recommended to
start AFM fluid imaging procedures after equipment and cantilever holder including the respective liquid
have reached thermal equilibrium, which is for normal AFM measurements in liquid in the range of

25 °C to 35 °C. The corresponding forces were calculated up to a temperature of 50 °C (Fig. 5.19). Such
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Figure 5.19. Maximum drag force versus the oscillation amplitude of the 100 um triangular cantilever at vatious fluid

temperatures based on Fig. 5.18. Both the values for the approach and the withdrawal are plotted.

temperature ranges could be reached by purposely applied additional sample heating. In this case, it must
be considered, that the evaporation rate of the liquid is increased and the liquid content of the cantilever

holder must be controlled frequently to ensure stable measurement conditions.

5.4.3 Sensor dynamics in an ethanol-water mixture

The results presented so far were achieved for ultrapure water as fluid medium. In the previous section
5.3 introducing the fluid model an ethanol-water mixture was already mentioned as alternative medium
and potential advantages by strengthening of interaction forces were presented by experiments of other
researchers [147,148]. Based on the derived values of the density p and the dynamic viscosity g in
relation to the ethanol concentration previously introduced and imaged in Fig. 5.7, the fluid properties
could be defined accurately for the simulation. The drag forces for the 100 pm long triangular cantilever
and varying ethanol content over the amplitude of cantilever movement are represented in Fig. 5.20. It
is obvious that an increased ethanol concentration increases the resulted drag forces significantly. Even

a comparatively low ethanol concentration of 10% doubles the hydrodynamic forces.
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In their experimental investigation, Yaacobi et al. [148] mentioned that the molecular interaction forces
are amplified for an ethanol concentration in the range from 3% to 20%. In addition, the experimental
data of Kokkoli et al. [147] show a strengthening of the attraction and adhesion of two hydrophobic
sutfaces for an ethanol concentration Xgroy < 0.05. Since both research articles [147,148] provide
recommended EtOH concentrations in the range of 5% or even lower to amplify interaction forces and
since low EtOH fractions and thus reduced hydrodynamic drag forces are preferable, this range is
considered for further investigations. The detailed examination of this EtOH range in Fig. 5.20 shows
that 1% EtOH increases the drag forces by approximately 11.6%, the rise for 2.5% EtOH can be
estimated at 29.3% and 5% EtOH even provides 57.5% higher drag forces.
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Figure 5.20. Maximum drag forces derived for the 100 um long triangular cantilever operated in an ethanol-water mixture at

25 °C (298.15 K) with a varying ethanol concentration up to 10%.

Since the values in Fig. 5.20 atre related to environmental conditions of 25 °C, analogous to the
application of pure water, the temperature impact was analyzed for the ethanol-water mixture used as
sensor fluid. The temperature dependence of the density as well as of the dynamic viscosity must be

considered for each individual mass fraction of ethanol. The variation of the fluid properties can be
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observed in Fig. 5.21. While the temperature dependence of the density p is comparatively low, the
dynamic viscosity 4 changes significantly with temperature. For studying the temperature influence for
each ethanol concentration and oscillation amplitude, the simulation with that many parameters would
be very time-consuming. In the section 5.4.2 regarding the sensor dynamics in ultrapure water, this
problem was solved by the finding that the relative variation induced by the temperature is identical for
each amplitude value. Transferred to the ethanol-water mixture, the same observation can be made for

each individual ethanol concentration.
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Figure 5.21. Change of the density p (left) and the dynamic viscosity y (right) in relation to the mass fraction of ethanol in
an ethanol-water mixture at different temperatures based on [149,151]. The solid line indicates the fitted values for 25 °C

(298.15 K) which were used for calculating the results in Fig. 5.20.

Consequently, the more precise study of the drag force variation influenced by different fluid
temperatures at an oscillation amplitude of 200 nm operated in an ethanol-water mixture with varying
ethanol concentration is shown in Fig. 5.22. The fixed-point for the labeling of the percentage change is
the value for 25 °C. Even a slight increase to 30 °C lowers the hydrodynamic force by 11.1% for
1% EtOH, by 12.9% for 2.5% EtOH and by 13.5% for 5% EtOH. These derived values were taken to
calculate the drag forces for the different oscillation amplitudes in a temperature range beginning from
15 °C up to 50 °C. This allows the precise examination of the temperature dependence of the

hydrodynamic drag forces during the cantilever oscillation in the ethanol water mixture.
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Figure 5.22. Maximum drag force versus temperature of the surrounding ethanol-water mixture with varying ethanol
concentrations during operation of the 100 um long triangular cantilever at an oscillation amplitude of 200 nm. The labeling

of the data points is the percentage change based on the drag force at a temperature of 25 °C

In Fig. 5.23 the detailed results related to 5% EtOH are summarized. Like the observations of the
ultrapure water and as already expected from Fig. 5.22, the significant decrease of the drag force caused
by elevated temperatures is evident. The corresponding drag forces were calculated up to a temperature

of 50 °C (Fig. 5.23), which is above the temperatute range reachable by the self-heating of the equipment.

Such temperature ranges could be reached by a purposely applied additional sample heating. In this case,
it must be considered, that the evaporation rate of the liquid is increased and the amount of liquid must
be controlled frequently to ensure stable measurement conditions. Without an additional heat source,
the temperature range related to the energy dissipation of the equipment was defined in the range from

25°C to 35 °C.
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Figure 5.23. Maximum drag force versus the oscillation amplitude of the 100 um triangular cantilever operated in an 5%
ethanol-water mixture at various fluid temperatures based on Fig. 5.22. Both the values for the approach and the withdrawal

are plotted.

Fig. 5.23 shows the temperature influence in the extended range from 15 °C to 50 °C. The calculated
values considered in this diagram are only related to an ethanol-water mixture with an ethanol
concentration of 5%. However, in Fig. 522 the temperature dependence of various ethanol
concentrations is displayed. Based on these values, the temperature influence on the hydrodynamic drag
force acting on the 100 pm long triangular cantilever operating in an ethanol-water mixture with different

ethanol concentrations is plotted in Fig. 5.24.

The temperature range in this diagram can be related to the self-heating of the equipment. The different
colors are allocated to the corresponding ethanol concentrations. The areas related to the ethanol
concentrations ovetlap for some temperature values. This final diagram completes the investigation of
the sensor dynamics in the ethanol-water mixture. The presented results clarify that the hydrodynamic
drag forces can be determined exactly for each individual measurement setup used for the dCFM

analysis.
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Figure 5.24. Maximum drag force versus oscillation amplitude of the 100 um triangular cantilever operated in an ethanol-

water mixture with 1%, 2.5% and 5% ethanol concentrations with fluid temperatures ranging from 25 °C to 35 °C.

5.5 Summary

In this study a numerical integrated model was presented that is able to provide accurate predictions of
the hydrodynamic drag forces present in AFM fluid imaging applications in general and in chemical force
measurements in particular. The results include a wide range of cantilever types, cantilever oscillation
amplitudes, fluid types and fluid temperatures. The numerical 3D model employed was verified by
comparing the predicted drag forces with published results of other researchers and good agreement was
observed. The findings of this study confirmed that drag force dependence on tip speed is essentially

linear in nature.

The numerical results could show that the triangular cantilever geometry is preferable for AFM
measurements in liquid because it provides significantly lower drag forces than the rectangular cantilever
geometry. Beside the examination of different cantilevers and their oscillation amplitudes, the influence

of the used fluid medium such as ultrapure water or an ethanol-water mixture could be demonstrated.
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The results showed that ultrapure water provides the lowest drag forces, whereas with increasing ethanol
concentration the drag forces increase. In addition, the presented fluid temperature dependence on the
drag force clarified that besides the self-heating of the equipment, an additional heat source could be
used for a further improvement of the parasitic hydrodynamic drag forces. By operating the 100 um long
triangular cantilever with standard parameters (frequency = 1 kHz and oscillation amplitude = 100 nm)

in ultrapure water at a temperature of 35 °C, the hydrodynamic drag force can be stated to be 1.93 nN.
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6. Nanoscale characterization of Self-Assembled Monolayer on Cu

Copper (Cu) has become an important material to replace gold and aluminum [29] in microelectronic
packaging. Advantages of Cu are high electrical and thermal conductivities plus low cost and easy
fabrication. However, one of the main drawbacks of Cu is that the sutrface is subject to oxidation, even
at room temperature. In contrast to aluminum, Cu oxide does not form a self-passivation layer to prevent
the underlying Cu surface from further corrosion. As a consequence, Cu oxidation is the reason for
reliability concerns [28] in one of the key processes, the thermosonic wire bonding. Therefore, protection

of copper against oxidation is a promising approach to bypass any oxidation-related problems.

Studies show that thin organic Self-Assembled Monolayer (SAM) act as effective barrier to protect metal,
in general, and Cu, in particular, from corrosion [29,33,68-71]. As copper is exposed to elevated
temperatures during the bonding process, integrity, degradation and temperature stability of the

protective layers are critical issues.

The methods predominantly used to characterize SAM films in recent studies were X-ray Photoelectron
Spectroscopy (XPS) [33,68—70] and contact angle measurements (CAM) [33,70]. Whelan et al. [33] and
Rao [70] showed that high hydrophobicity detected by CAM correlates with high quality SAM films.

80 nm

Topography 5 um

Figure 6.1. AFM topography image achieved by intermittent contact mode of a SAM modified Cu surface damaged by a
previously performed contact mode measurement marked by the red rectangle. The significant wear marks indicate a clear

surface damage by contact mode operation.
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Even though XPS and CAM may provide valuable information about chemical composition and
hydrophobicity of the films, respectively, they are not able to achieve very local information. AFM based
techniques are able to monitor properties in the nanometer scale and were already employed to
investigate SAM films. Rao [70] used AFM based techniques solely for topography imaging. Chintala et
al. [92] employed conductive-AFM (C-AFM) to investigate the electrical properties of SAM films on
silicon substrate. They observed that SAM films are isolating and that film homogeneity may be

monitored by local tunneling current measurements.

However, as shown in Fig. 6.1, in preliminary experiments I frequently observed significant wear marks
of the SAM film on Cu after C-AFM measurements. Due to the obvious surface change in Fig. 6.1, 1
stated that the comparatively high lateral and vertical forces applied by the probe tip during the contact
mode measurement damages the SAM film clearly. Therefore, I concluded that contact mode AFM

applications are not appropriate for my study.

In the present work, I used Torsional Resonance Tunneling AFM (TR-TUNA) and dynamic Chemical
Force Microscopy (dCFM) to characterize SAM films with CH3 end-group molecules on Cu. TR-TUNA
enables the electrical characterization by measuring local tunneling current variations, while dCFM is
able to assess local hydrophobicity by measuring chemical forces between probe tip and sample. In both
methods lateral and vertical forces are dramatically reduced compared to standard contact mode
applications. I stressed the SAM films at 100 °C and 150 °C, respectively and compared the electrical
and chemical characteristic with new and unstressed films. Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) was used to assess the chemical properties of the SAM
films on macroscopic scale. I combined ATR-FTIR, TR-TUNA and dCFM measurements in order to

validate the individual results and to improve the significance of my conclusions.

6.1 Experimental

The sample structure can be seen in Fig. 6.2 as part of the schematic drawing of the TR-TUNA
measurement setup. The SAM films were deposited on a 5 um thick Cu layer on top of a supporting
sample structure consisting of a tungsten titanium (WT1) liner on a silicon (Si) base with a thin silicon
dioxide (S102) film. Before SAM deposition, the Cu surface was cleaned chemically by an aqueous
solution of 1 % hydrochloric acid and, subsequently, physically by an argon ion beam for 2 min at an
acceleration voltage of 2 kV. The cleaning procedure removes contaminations and native oxides and

ensures high quality SAM films.

For the SAM coating a nano-polymer solution from Nanocraft Coating GmbH was used [152]. The
cleaned Cu surface was kept immersed in an aqueous nano-polymer solution in a temperature range of
60-65 °C for 5 min. By this means, a homogenous SAM film was built on the surface with CHs-molecules

as end-groups. The CHs-molecules are responsible for the hydrophobic character of the resultant sample
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Figure 6.2. Structure of the test sample and schematic drawing of the TR-TUNA measurement setup. The conductive tip is
oscillating in torsional resonance very close to the surface and tunneling current is detected. Silver conductive paste

improves the conductivity of the copper layer to the measurement chuck.

surface. After deposition, in a first step, the samples were rinsed in ultrapure water and dried in a nitrogen
jet. In a second step, the samples were rinsed in a sequence of ethanol and ultrapure water and dried
with a nitrogen jet in order to remove disengaged molecules and particles from the surface. The second
step was frequently repeated before measurements. Except during the measurements, the samples were
continually stored in dry air environment (23 °C, 0% humidity). For the investigation of the temperature
stability the SAM films were stressed according to literature [33] at 100 °C and 150 °C, respectively. The
temperature stress was applied for 30 min which was a suitable time window related to the bonding

process.

The chemical properties of the SAM film were characterized by Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) with a Thermo Nicolet Nexus 470 spectrometer in dry
air environment (~23 °C, 0% humidity). The detector is sensitive in the wave number range of

4000-400 cm-!.

The Atomic Force Microscopy (AFM) measurements were performed with a Bruker Dimension Icon
AFM. In preliminary experiments, I used the AFM in contact mode and noticed severe damage of the
comparatively soft SAM film surface. Therefore, I discarded contact mode applications of the AFM for
the present research and employed advanced AFM techniques with reduced lateral and vertical forces

between probe tip and sample.

For the electrical characterization of the SAM films Torsional Resonance Tunneling Atomic Force
Microscopy (TR-TUNA) [114,115] was used. The schematic measurement setup is depicted in Fig. 6.2.
TR-TUNA is a contactless measurement technique. The AFM cantilever probe tip oscillates in torsional
resonance in close proximity (~1-2 nm) of the sample surface. Since the probe tip is close to the sample,

a tunneling current can be detected by the current sensor provided that a conductive probe tip is used
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and an appropriate bias voltage is applied. As a result, this method generates a two-dimensional map of
the electrical conductivity of the area under surveillance. The measurements were performed under
ambient conditions (25 °C, 50% humidity). I used platinum-iridium coated probe tips (SCM-PIT from
Bruker AXS) biased with a voltage of 100 mV to achieve a current flow directed from the probe tip into
the sample. The resonant frequency of torsional oscillations was around 800 kHz. The Cu layer was
connected electrically to the stage by a conductive paste (Fig. 6.2). In order to enhance the reliability of
the results and to prevent artifacts due to erroneous or damaged probe tips, I repeated the measurements

with different probe tips of the same type.

Dynamic Chemical Force Microscopy (dCFM) was employed to study the local hydrophobicity of the
SAM films. The measurement principle of dCFM was explained in detail in section 3.1.3. I used
CHs-modified probe tips from Nanocraft Coating GmbH [152]. The modification by functional
CHs-molecules gives the tip a hydrophobic character and acts as agent between tip and sample. In dCFM
the AFM operates in the PFT mode which was explained in detail in section 3.1.1. In PFT the turning
point of the probe tip z-movement is defined by a maximal force Fiax. The adhesion force Fagnesion acting
between probe tip and sample surface is a measure for the hydrophobicity of the surface. For

CH3-terminated probe tips Fadnesion iicreases with the grade of hydrophobicity and vice versa.

With respect to the evaluated hydrodynamic drag force in chapter 5, the 100 um long triangular cantilever
with a nominal spring constant of 0.32 N/m was chosen. To achieve lowest drag forces and improved
sensitivity, the measurements were performed in ultrapure water preheated up to 35 °C by the energy
dissipation of the AFM equipment. The measurement parameter for the sinusoidal z-movement was set

to 1 kHz for the frequency and 100 nm for the oscillation amplitude.

This setup ensures low drag forces and the exact control of the peak force by the background subtraction
algorithm. Altogether with minimized lateral forces, dCFM enables the nondestructive characterization

of the SAM film.

For reliable measurements, the integrity of the CHs-modification of the probe tip is critical. A damaged
or defective tip modification would lead to a comparatively low adhesion force, even at high hydrophobic
areas. For this reason, I frequently reviewed the integrity of the CHj3 probe tip modification between

measurements using new and highly hydrophobic SAM films as reference.

6.2 Characterization of virgin SAM film on Cu

First, 1 investigated a new and unstressed SAM film. Fig. 6.3 presents the respective ATR-FTIR
spectrum. In the wave number range of 3100-2700 cm! four sharp and intense bands are visible that
represent the asymmetric and symmetric CHs (CHaagym at 2955 cm!, CHzgm at 2872 cm!) and CH»
stretching vibration bands (CHazusym at 2918 cm!, CHagym at 2850 cm™), respectively [153,154]. The
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vibration band at 718 cm! corresponds to the CH» rocking absorption and indicates that the SAM film
has a chain length from at least 4 up to about 10 CH» molecules in a row. For longer chains this
absorption splits into two bands. The ATR-FTIR results prove the formation of a SAM film with CHj3

molecules as end-groups and a chain length of at least 4 molecules on the Cu surface.
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Figure 6.3. ATR-FTIR result of a new and unstressed SAM film with asymmetric and symmetric CH3 (CH3agym at 2955 cm,
CHisgym at 2872 cm!) and CHz (CHaasym at 2918 cm!, CHogym at 2850 cm!) stretching vibration bands. CHj rocking

absorption (CHarock at 718 cm?) indicates a chain length from at least 4 up to about 10 CH; molecules in a row.

Fig. 6.4al depicts the topography of the unstressed SAM film. The loops illustrate parasitic particles on
top of the surface (dotted) and a small pit (solid). The topography image itself is not able to indicate the
quality of the SAM film. Fig. 6.4a2 shows the corresponding dCFM result. The overall mean value of
the adhesion forces measured was 8.76 nN with peak values of 13 nN. These comparatively high values
illustrate the hydrophobic character of the virgin SAM film. The peak values observed are congruent
with adhesion forces between a CHs-terminated probe tip and a CHjs-terminated sample presented in
literature [113]. The protrusions highlighted in Fig. 6.4al (dotted circles) exhibit lower adhesion force
values (Fig. 6.4a2) and represent particles on top of the SAM film and not film inherent defects. In
contrast, the pit in Fig. 6.4al (solid circle) with an adhesion force of only 2 nN (Fig. 6.4a2) indicates a

defect of about 50 nm diameter in the SAM film.

Fig. 6.4b1 and b2 displays the topography and the corresponding tunneling current map, respectively, of
a fresh and unstressed SAM film. The data were recorded simultaneously by TR-TUNA. The current
mapping (Fig. 6.4b2) appears quite homogenous all over the sample. However, the current values

showed that no significant tunneling current through the SAM film could be detected (noise level
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6. Nanoscale characterization of Self-Assembled Monolayer on Cu

of + 0.25 pA) which indicates that the surface is completely covered by the isolating virgin SAM film.
These observations agreed with C-AFM studies of Chintala et al. [92].

bl)

b2
-0.25 pA

o 0.25 pA
0.0 3 um

Figure 6.4. Topography (al) and corresponding dCFM image (a2) of the unstressed SAM film and, at different scan position,
topogtraphy (b1) and corresponding TR-TUNA image (b2). The dotted circles in (al) and (a2) highlight some parasitic
particles on top of the surface. A defect hole in the SAM film is marked by the solid circle in (al) and (a2). The current spot
in (b2) caused by the topography in (b1) is highlighted by the solid circle.

The high current spot (Fig. 6.4b2, solid circle) was discarded because it may be attributed to a disturbance
of the measurement and not to SAM film properties. The probe tip was not able to follow the topography
edge (Fig. 6.4b1, solid circle) immediately and penetrated the SAM film causing a current peak value of
12 pA. It needs to be noted that the measurement locations of Fig. 6.4al, a2 and b1, b2, respectively, are

different. TR-TUNA and dCFM require completely different measurement setups and, therefore, it was
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6. Nanoscale characterization of Self-Assembled Monolayer on Cu

not possible to measure with both methods at a single site. Nonetheless, as the results observed for
different sites and different samples were consistent all over my research, the fundamental conclusions

drawn are sound.

Overall, the results confirm that virgin SAM films cover the Cu surface homogeneously. The films
exhibit comparatively high hydrophobicity indicated by a high adhesion force (Fig. 6.4a2) and a
comparative isolating character indicated by a non-detectable tunneling current through the SAM film

(Fig. 6.4b2).

6.3  Advanced investigation of the SAM film degradation

In a next step, I studied degradation and temperature stability of the SAM films. The ATR-FTIR spectra
in Fig. 6.5 provide a macroscopic overview of the surface chemistry after temperature stress. Compared
to the spectrum of the virgin film (Fig. 6.3) the SAM film after 100 °C temperature stress (Fig. 6.52)
exhibits a reduced intensity of the CHj3 and the CH> vibration bands. In addition, a vibration band at
645 cm! occurred, which can be assigned to cuprous oxide (Cu20) [130]. The reduced excitation of the
CHj; and the CH> bands as well as the appearance of CuxO suggests a degradation of the SAM film and
a loss of film integrity. In the ATR-FTIR result for the SAM film exposed to 150 °C temperatute stress
(Fig. 6.5b) the typical vibration bands vanished completely and the intensity of the Cu,O vibration band
increased. These observations indicate a decomposition of the SAM film and a propagation of surface
oxidation. The correlation of decomposition state and temperature stress is in good agreement with

former observations of other types of SAM on Cu [33].
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Figure 6.5. ATR-FTIR result for SAM films stressed at (a) 100 °C and (b) 150 °C, respectively. The asymmetric and
symmetric CHs (CHszasym at 2955 cm!, CHzgym at 2872 cm!) and CHa (CHaggym at 2918 ecm!, CHagym at 2850 cm!) stretching
vibration bands and the CH> rocking absorption (CHarock at 718 cm!) indicate a still existing SAM film (a). The CuxO
vibration band (CuzO at 645 cm!) in (a) indicates surface oxidation. In (b) the absence of the CH3 and the CH» bands and the

increased CuzO peak suggest a decomposition of the SAM film and further surface oxidation.
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6. Nanoscale characterization of Self-Assembled Monolayer on Cu

Fig. 6.6 displays topography and adhesion force achieved for SAM films stressed at 100 °C and 150 °C,
respectively. The topography for 100 °C temperature stress (Fig. 6.6al) displays many tiny particles with
heights up to 5 nm, which are illustrated in more detail by the insert. Moreover, the white loops indicate

that at some locations the particles are ordered in a line or arranged around particle free areas, while at

other locations the particles are distributed randomly.

Figure 6.6. Topography (al+b1) and dCFM result (a2+b2) for SAM films stressed at 100 °C (al+a2) and 150 °C (b1+b2),
respectively. The scan size was 3 X 3 um?2 The white solid circles indicate characteristic surface features in (al) and (b1) and
correlation to hydrophobic minima in (a2) and (b2). The insets in (al) and (a2) facilitate the correlation of surface particles

and hydrophobic minima. They constitute magnified regions marked by the respective black box.

Fig. 6.6a2 shows the corresponding dCFM result. The overall mean value of the adhesion force was
3.7 nN with peak values of 5 nN. Overall mean value and peak values were well below the respective
adhesion force values (mean 8.8 nN, peak 13 nN) of the unstressed film and already indicate degradation.
The particles observed on the surface exhibit a hydrophobic contrast with comparatively low adhesion

forces below 3.5 nN. Fig. 6.7a presents the current map of the sample stressed at 100 °C. It may
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immediately be observed that the very homogenous character of the current map of the unstressed
sample (Fig. 6.4b2) vanished. High current spots depicted as dark regions, up to 800 pA, are visible and
the overall mean value rose to 150 pA. In addition, the high current spots form characteristic surface
structures. Intermediate areas show a significant lower current flow of about 20 pA. When compared to
the dCFM image the pattern of the high current spots and the pattern of the hydrophobicity contrast
are similar, even though the measurement locations are not identical. The equivalent geometrical
arrangement suggests that features with increased current flow (Fig. 6.7a) correlate to the particles
(Fig. 6.6al) and to the spots of low adhesion force (Fig. 6.6a2). It is worth noting that the consistent TR-
TUNA and dCFM results confirm the ATR-FTIR result (Fig. 6.5a) and indicate a degradation of the
SAM film. Moreover, the CuxO vibration band in the ATR-FTIR spectrum combined with the nanoscale

characterization of the reduced hydrophobicity and increased current flow at particle sites suggest that

the particles are Cu2O grains.

Figure 6.7. Typical TR-TUNA images of SAM films stressed at 100 °C (a) and 150 °C (b), respectively. The scan size was
3 X 3 um? The red solid circles in (a) highlight characteristic arrangements of high current spots. The white solid circles and
the white dotted circle in (b) discriminate characteristic areas with grain structures and significantly different tunneling

current.

Fig. 6.6b1 shows the topography of the SAM film subject to 150 °C temperature stress. Compared to
Fig. 6.6al and Fig. 6.4al the surface structure changed significantly and indicates an increased
degradation. While after 100 °C temperature stress (Fig. 6.6al+a2) only comparatively small particles

wete visible, after 150 °C temperature stress (Fig. 6.0b1) the grain size increased up to a height of 20 nm.
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The distribution of the grains is similar for 100 °C (Fig. 6.6al) and 150 °C (Fig. 6.6b1). Some grains ate

distributed randomly while others are arranged in lines or around islands.

The corresponding dCFM result (Fig. 6.6b2) reports that the grains have a comparatively low
hydrophobicity because the adhesion forces did not exceed 1.5 nN. The regions without grains exhibit
adhesion force values from 1.5 nN to 4 nN. The average adhesion force value for 150 °C temperature
stress (Fig. 6.6b2) was 1.1 nN, which is significantly lower than the respective value of 3.7 nN for 100 °C.
The significant change of the surface structure and the increased grains with reduced hydrophobicity
correlate with the absence of the CHj; and the CH: vibration bands (Fig. 6.5b) and suggest a
decomposition of the SAM film. In addition, the strong CuxO vibration band in the ATR-FTIR result

(Fig. 6.5b) indicates that the grains observed consist mainly of CuzO.

The disintegration of the SAM film subject to 150 °C temperature stress is confirmed by the tunneling
current image (Fig. 6.7b). In general, the tunneling current increased dramatically. Peak values were in
the order of 1.1 nA and the overall mean value was 500 pA. Furthermore, the tunneling current
distribution over the surface changed when compared to Fig. 6.7a. It rather shows high current clusters
than pronounced current spots. Intermediate areas show a significant lower current flow of 150 pA when
compared to 470 pA and 800 pA, respectively, at areas with grain structure. The pattern of low and high
current values correlate with the pattern of low and high adhesion force values (Fig 6.6b2) indicating

high and low hydrophobicity, respectively.

The gain of the Cu2O vibration band in the ATR-FTIR results of the temperature treated samples
(Fig. 6.5) indicates a further oxidation of the surface. In general, the further oxidation of a Cu surface
goes along with an increase in resistivity [155]. However, I observed a rise of the tunneling current as
can be seen in Fig. 6.7. This disagreement can be explained by the further disintegration of the isolating
SAM film which may have a stronger impact on the conductivity than the grown CuxO. Beside the
impact of the SAM film, the Cu.O itself could have a lower resistivity caused by an annealing effect of
the temperature treatment. Musa et al. [50] observed that annealed Cu2O layers produced by thermal

oxidation possessed a decreased resistivity.

It should be noted that, in Fig. 6.7b the tunneling current observed varies for regions with grains from
470 pA to 800 pA (white solid circles). The reason for this observation is not clear yet and may be
addressed in a separate study. Probably, it may be attributed to different states of oxidation, local

variations caused by SAM residuals or to different annealing effects.

From the experimental point of view, it is important to note that, compared to the AFM based
techniques the ATR-FTIR is a macroscopic measurement method with a very limited spatial resolution
in the millimeter range. Even though it is possible to detect the CH3- and the CHa-groups of the SAM
film and to identify CuO at the sample surface after degradation, it is not possible to allocate the results

to specific surface features. The combination with advanced AFM techniques offers additional
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characterization options on the nanometer scale. TR-TUNA and dCIFM are valuable tools to explore
properties and degradation of SAM films by monitoring local tunneling current and adhesion force,
respectively. In contrast to contact mode applications, wear marks or other surface damage were not

observed.

6.4 Summary

I found that, CHjs-terminated SAM films are able to protect copper from oxidation. Subject to
temperature stress the films degrade and gradually lose their integrity. Torsional Resonance Tunneling
AFM and dynamic Chemical Force Microscopy are appropriate tools to monitor film integrity and
degradation on nanometer scale without damaging the film. High hydrophobicity and low tunneling
current, respectively, correlate with intact film integrity and vice versa. By comparing my microscopic
results with the macroscopic chemical film composition achieved by ATR-FTIR, I conclude that after
100 °C stress regions with high tunneling current and low hydrophobicity correlate with local SAM film
disintegration and local oxidation of the copper surface. With stress temperatures up to 150 °C the grade
of disintegration and oxidation increases and may finally lead to a complete decomposition of the SAM
film. The film degradation observed is critical for the application of SAM films in wire bonding
processes. For semiconductor manufacturing, in general and copper wire bonding, in particular,
TR-TUNA and dCFM are valuable tools for further research, predominately when sensitive surface

layers are involved.
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7. Protective nanometer films on copper

The oxidation protection of copper surfaces is an important and advantageous procedure for many
different applications to achieve reliable and stable surface conditions for subsequent process steps. This
study focuses mainly on applications in the field of interconnection techniques in general and
thermosonic wire bonding in particular. Previous studies of other researchers investigated different
coating layers with thicknesses in the micrometer range for the usage in interconnection methods
[22,26,24,25]. However, as already shown in the introducing section, the growth of intermetallic phases
limits the electrical performance of such connections [22]. Therefore, protective layers with a thickness
of a few nanometers must be introduced to avoid the growth of any parasitic interfaces with an increased
transition resistance. Aoh et al. [30] reported that such thin passivation layers could provide excellent
bondability because they can be removed using ultrasonic power during the thermosonic bonding

process.

Graphene coatings provided promising results as very thin protective layer on copper surfaces [60—63].
Kirkland et al. [60] as well as Prasai et al. [63] introduced in their research that single layer graphene as
well as multi-layer graphene e.g. graphite can serve as effective barriers to electrochemical corrosion.
Additionally, the protective effect caused by the atomic graphene layer goes along with an improved
mechanical stability of the protected surface. Various researchers published in their studies that a
graphene layer effects an improved wear resistance of the coated surface [64,65]. Especially for further
applications of any interconnection methods, the modified mechanical stability of the surface may limit

significantly the ability for applying processes such as the thermosonic wire bonding,.

Consequently, alternative coating materials or processes must be validated to deposit a thin protective
layer on the Cu surface. In SEM experiments sputter coatings are well known to achieve very thin
conductive layers and can be an interesting approach to address the needs of the protective layer. Former
studies by Stokroos et al. [66] showed that structural details such as density and particle size are closely
linked to the material and can influence a possible protective effect. Chromium (Cr) provides a very
smooth coating film, but it is known that the Cr layer degrades in ambient environment and can oxidize
rapidly. Noble metals such as gold (Au) or platinum (Pt) could yield a surface coating inert with the
ambient environment. In detail, the Pt coatings tend to offer a much smaller grain size compared to an
Au coating layer and in the initial stage the Au grows rather in clusters than in an uniform layer [156].
Beside protective metal films, carbon (C) coating layer can be an interesting alternative to achieve very
thin and stable protection layers. Especially for depositing thin carbon layers Ion-beam sputtering
deposition (IBSD [157]) techniques must be used because DC magnetron coaters tend to build up non-

conductive diamond-like carbon (DLC) layers with improved mechanical stability [67].
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In this study, I investigated the applicability of a few nanometers thick IBSD Pt or C coating layers to
achieve reliable surface conditions. The degradation and temperature stability of the protective layer were
investigated by combining non-destructive Scanning Electron Microscopy (SEM) and Atomic Force

Microscopy (AFM) characterization techniques.

71 Experimental

The schematic cross-section of the Cu samples used in this study is shown in Fig. 7.1. The 5 um Cu was
deposited by an electroplating process which defines a surface structure as shown in Fig. 7.2. Prior to
the deposition process of the protection layer, the Cu surfaces were cleaned by a chemical treatment

with an aqueous solution of 10% sulfuric acid to remove the native oxide and any contaminations and

Protection layer

Figure 7.1. Schematic cross-section of the test samples consisting of a 5 um copper layer on top of a Si base separated by a

thin SiO; film and a WTi liner.

0 Topography 20 um

Figure 7.2. AFM topography image of the Cu surface deposited by an electroplating process
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subsequently rinsed with a 1:1 solution of ultrapure water and isopropanol. After that cleaning process,
the sample was stored in a vacuum chamber. The deposition process took place by using a Gatan 682
Precision Etching and Coating System (PECS). This system enables the sample cleaning by an argon ion
(Ar™) beam bombardment and the coating by lon beam sputtering deposition [157] without the need of
a sample transfer. Consequently, before the coating, the argon ion beam treatment with an acceleration
voltage of 1.5kV was performed for approximately one minute to remove any possible organic

contaminations remained on the sutrface.

target

Figure 7.3. Basic principle of the surface modification based on Ion beam sputtering deposition [157]. The sample can be

rotated and tilted.

The basic principle of the deposition process is imaged in Fig. 7.3. Two Penning Ion guns are used to
accelerate the argon ions to the target material. The ions eject particles in the atomic scale from the target
to form a thin film on the nearby sample surface [157]. As detailed in Fig. 7.3, the sample can be tilted
and rotated during the deposition process which is important to avoid any edge effects based on
topographic features and to achieve a constant layer thickness over the entire sample surface. The coating

conditions were kept constant for all experiments and are summarized in Table 7.1.
Table 7.1. Coating conditions for the deposition process
Acceleration voltage 9 kV

Maximum tilt angle 15°

Rotation velocity 20 rpm

Rocking velocity 8°/sec

93



7. Protective nanometer films on copper

The thickness of the coating layer was validated in-situ during the coating process by using a quartz
crystal oscillator. For the investigation of the temperature stability, the protective coatings were stressed
on a heater in ambient air up to a temperature of 200 °C for 15 min related to real bonding conditions

[19]. For the lower temperatures, 150 °C and 100 °C, the stress time was increased to 30 min.

In this experiment, a Zeiss Ultra 55 scanning electron microscope equipped with the EDAX Trident
system and an Angular Selective Backscatter Detector (ASB) was used to perform topography and BSE
imaging as well as an EDX analysis. The basic principles of these characterization techniques were
introduced in the section 3.2. These SEM based methods enables the investigation of the surface
topography, the material contrast imaging and the quantitative determination of the element distribution.
The AFM measurements were performed with a Bruker Dimension Icon AFM. Beside various standard
operation modes, the AFM employed offers the PeakForce Kelvin Probe Force Microscopy (PF-KPFM)
[106] operation mode, which is able to measure the Contact Potential Difference (CPD) at the nanoscale.
The AFM operation modes as well as the PF-KPFM method were described in detail in the experimental

part in the sections 3.1.1 and 3.1.2, respectively.

Electron Source)

8.

Figure 7.4. Basic principle of the Scanning Transmission Electron Microscopy (STEM) with the arrangement of the Dark-

Field (DF) and the Bright-Field (BF) detector.

In addition, Scanning Transmission Electron Microscopy (STEM) was used to investigate the structural
properties of the coating layer which are closely linked to the material [66]. A schematic of the
measurement principle is displayed in Fig. 7.4. For the STEM analysis, the coating layer was deposited

on a special grid. As detailed in Fig. 7.4, there are two detectors to collect the electrons interacted with
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the sample layer. For the image generation, both, the scattered electrons (Dark Field) and the unscattered
electrons (Bright Field) can be collected. For the analysis of the coating layer especially the bright field

imaging was used to detect the interaction of the direct electron beam with the sample layer.

7.2 Structural and elemental analysis

First, I investigated the topography of the initial pure and of the coated Cu surface by performing SEM
imaging. The resulted images can be seen in Fig. 7.5. It is obvious that the uncoated and coated Cu
surfaces look very similar. A change caused by the protective film cannot be observed because the
thickness of the coating layer is very thin and the particle size is obviously too small to be resolved by
the electron beam in standard SEM operation. Consequently, STEM Bright Field imaging was used to
represent the structural properties of the different protective coatings. The high-resolution images of the

platinum and the carbon coating can be seen in Fig. 7.6. The fine structure of the coatings is very
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Figure 7.5. SEM images of the topography of an uncoated pure copper surface and of Cu surfaces coated by (left) a 10 nm
thick Pt layer and (right) a 10 nm thick C layer.
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different. The topology of the Pt coating suggests that the Pt grains arranged on the subjacent surface
feature a closed layer. The fine structure of the C coating provides a much smoother surface. Related to
the particle size of the Pt and C coating, the presented subsections in Fig. 7.6 indicate much different
structures. Whereas the grains of the Pt layer can be expected by observing the subsections, the particle
size of the carbon coating seems to be much smaller and cannot be identified in the STEM images.
However, beside the different layer structures, both, the Pt as well as the C coating, feature a closed layer
which should be suitable to protect any subjacent structure, at least for a specific time range and

temperature.

el S

EHT=15 kV; Signal=BF; Size=2.3 x 1.5um?2|[{0.4 pm  EHT=15 kV; Signal=BF; Size=2.3x 1.5 pm?

Figure 7.6. STEM Bright Field images at different magnifications of the Pt coating (a) and the C coating (b). The black

squares (size = 357 nm) highlight magnified areas of the shown subsections.

Since the bonding process needs elevated temperatures up to 200 °C [19], the temperature stability of
the protective coating is an important factor As an indicator for a possible degradation of the protective
layer, the oxidation of the Cu surface was used. Therefore, the oxygen fraction indicating an oxidation
was determined by performing an EDX analysis at five different surface regions before and after
temperatures stress. The mean value and the corresponding standard deviations of the atomic weight of
oxygen and of the remaining individual elements achieved by the measurements at the different positions
are summarized in Fig. 7.7. It is obvious that the 10 nm Pt coating provides an increased oxygen content
for elevated temperatures. As detailed in the inset, the oxygen values after the 150 °C stress vary a lot.
This finding suggests that the oxidation differs at the various measurement regions. At 200 °C the mean
value of oxygen is raised and the deviation is significant lower. This is evidence for a further oxidation

and thus, for a further degradation of the surface. Additionally, the degradation influences the carbon
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values which are slightly increased for 150 °C and 200 °C. Due to these observations, the conclusion can
be drawn, that the Pt layer degrades significantly at these temperatures and does not protect the Cu

surface anymore.

In contrast to this, the atomic weight of the elements in Fig. 7.7 identified for the carbon coating on the
Cu surface exhibits only slightly variations of the oxygen weight or of the other elements for the
temperature range up to 200 °C. Interestingly, the oxygen values deviate more for the untreated sample
surface und seem to be more stable after the temperature treatment. These variations are in the range of
0.3% for the untreated sample and approximately 0.2% for the stressed samples. Since the variations are
so low, they are assigned to the measurement accuracy. Consequently, it is worth noting that the carbon

coating enables an effective protection of the subjacent structure even for elevated temperatures.

10 nm Platinum

80 .

751 @ Untreated

70 4| 100°C 30 min ¥
X651 @ 150°C 30 min Ii
2604 M 200°C 15 min——
c S 6.0 —
o 55 = —
£ 50 £ 221 ]
Q a5 o 5.0 ra
w

£ as
O 40 w 4.0
€35 S 3.5 -
ke 535
2.

o ;z §I Z 20
c L 1.5+
5151 & E o0 i
<10 = yoer & gm

5 I—I

0 L

Carbon C Oxygen O Copper Cu Platinum Pt

10 nm Carbon

80

75 @® Untreated

70 100°C 30 min
X 65 € 150°C 30 min
> 60 B 200°C 15 min
o
o 55 £ 1.4 -+ —‘—.—
g 50 ~ 7
= £ 1.3
W45 T —g @3 G
"'5 40 g 1.2 T

k9]

€35 w 1.1<T {4
=2 ‘G
T 30 £ 10
=25 = ¢
(S] o 0.9
é 20 = 0sldl
915 E ’
< 0.7

13 g Oxygen O

0 L 7 4 =

Carbon C Oxygen O Copper Cu

Figure 7.7. Atomic Weight of the individual elements of a Pt and a C coating treated by different temperatures derived by a
quantitative EDX characterization at different surface areas. The distribution of the low oxygen weights is shown in detail in

the respective inset.
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However, especially the large variations of the Pt coating results show that for determining the exact
weakness of the coating material a more detailed analysis must be performed because the covering of

the coating material related to the topography must be considered.

7.3  Analysis at the nanoscale of the protective Pt layer

Consequently, in addition to SEM imaging of the topography, the material contrast derived by
backscatter imaging was used to investigate the coated surfaces treated by the elevated temperatures. The
resulting images of the Pt coating are depicted in Fig. 7.8. The topography exhibits already small particles
grown on the surface after a stress of 150 °C. A further increase of the temperature leads to a much
stronger change of the surface, although the stress time has already been reduced. The corresponding
backscatter images show a significant difference between the surface and the particles. Moreover, beside
the grown particles, the backscatter images show slight differences caused by the varying crystal

orientations of the Cu surface.
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Figure 7.8. SEM topography image and material contrast achieved by backscatter imaging of a Cu surface protected by a
10 nm thick Pt coating after a temperature treatment of 150 °C and 200 °C. The red circles indicate some topography features

and their correlation to the material contrast.
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In detail, the results indicate that the particle growing is not supported by any topographic feature. It can
be observed that the particles are grown in the very near of grain boundaries as well as inside a grain
without any specific topographic change. However, the backscatter imaging or material contrast imaging
in Fig 7.8 only specifies that the grown particles on the surface can be allocated to a different material.
For a direct allocation of the grown topographic features to a possible oxidation an element mapping

was performed.

In Fig 7.9, the result of this EDX element mapping for the Pt coating stressed at a tempetature of 200 °C
is displayed. For comparison, the corresponding topography can be seen in Fig. 7.8. The different
mappings are allocated to the identified elements carbon C, copper Cu, oxygen O and the coating
material platinum Pt. The oxygen mapping clearly indicates that the particles grown by the temperature
stress resulted from oxidation because they consist mainly of oxygen. Furthermore, the Pt mapping
shows that the Pt layer was decomposed at the regions of the oxide particles and was not able to protect

the Cu surface effectively.

OO0 o0

Figure 7.9. EDX element mapping of a Cu surface protected by the 10 nm thick Pt coating after a temperature treatment of

200 °C. Corresponding to the topographic image in Fig. 7.8 the red circles highlight areas of some topogtraphy features.
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By comparing the images allocated to a stress temperature of 150 °C and 200 °C in Fig. 7.8, the kinetics
of the oxide grain growth can be investigated. The 150 °C surface has only a few individual grown grains
nonuniformly distributed. A further increase of the temperature results in an advanced oxidation of the
surface. As introduced by the images in Fig. 7.8, the grains detected on the 200 °C surface form rather

clusters than individual grains grow and cover the entire surface.

Summarized, it is important to note that the detected oxidation occurring despite the protective
Pt coating demonstrates that the degradation caused by the temperature treatment is very different
locally. However, the distribution of the oxide grains verifies that the coating does not fall off in quality
at topographic features such as grain boundaries. Thus, the resulted degradation is characteristic for the

Pt coating material.

The investigations so far provide important outcomes regarding the protective effect of the Pt coating.
The SEM results (Fig. 7.8) and the element mappings achieved by EDX measurements (Fig. 7.9) clarify
that the degradation of the Pt layer leads to the growth of oxide grains. However, because of the principle
of these techniques, the detection of nanometer scale particles on the surface is limited and any
degradation effects beside the detected oxide grains could not be realized. For this reason, an additional

nanoscale characterization by PF-KPFM was performed.

The results in Fig. 7.10 show an AFM high-resolution topography image and the corresponding contact
potential difference of the Pt coated Cu surface after a temperature treatment of 200 °C. The topography
image clearly indicates an additional grain structure with different sized grains grown on top of the

surface.

The grains are not oriented at the boundaries of the original Cu structure. This outcome agrees with the
observations of the SEM and EDX characterizations. The contact potential difference (CPD) in Fig. 7.10
provides a significant contrast between the grains and the grain-free regions. The larger grain structure
achieved by the SEM and EDX characterization could be assigned to oxidation. Consequently, because
of the detected CPD contrast in Fig. 7.10, it can be concluded that the nanoscale particles are oxide
grains. Additionally, the magnified area can emphasize that the larger grains at the borders and the smaller
grains can be assigned to the same oxide because they have similar CPD values. These results complete
the SEM and EDX characterization and show the degradation of the Pt coating provoking very different
oxide grains grown on the surface. It is important to note that the introduced results are closely linked
to the deposition process. It is known from the literature that lon beam-assisted deposition (IBAD)
could be able to create a gradual transition layer mixed with substrate material and depositing material

between the substrate and the deposited film, thereby the coating adheres strongly to the substrate [157].
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This increased adhesion strength could probably improve the protective effect, but simultaneously such

a very strong adhesive layer could limit the applications of subsequent interconnection processes.

180 nm

Topography 5um

Figure 7.10. AFM topography (a) and corresponding PF-KPFM result (b) of a Cu surface protected by the 10 nm thick Pt
coating after a temperature treatment of 200 °C. The red circles highlight the correlation of some topographic features (a) and

the PF-KPFM results (b). The white dashed squares mark magnified areas presented in the above subsections.

7.4  Nanoscale characterization of the protective C layer

Beside platinum, carbon was introduced as coating material for very thin protection layers in the
nanometer range. The EDX analysis in Fig. 7.7 already showed that the carbon coating does not yield
any variation in the element contents caused by a probable degradation of the coating or a resulting
oxidation. To confirm this assumption, additional research must be carried out. Like the investigations
of the Pt coating, the SEM topography imaging and the material contrast achieved by backscatter imaging
are suitable methods. The results are presented in Fig. 7.11. The topography as well as the material
contrast images clearly illustrate that no parasitic particles were grown during the temperature treatment,

confirming the previous examinations of the EDX analysis in Fig. 7.7.
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Figure 7.11. SEM topography image and material contrast achieved by backscatter imaging of a Cu surface protected by a

10 nm thick C coating after a temperature treatment of 150 °C and 200 °C.

Analogous to the investigations of the Pt coating, an EDX element mapping of the carbon coated surface
stressed at 200 °C was performed and the results are imaged in Fig. 7.12. In agreement with the results
of the EDX analysis (Fig. 7.7) and the investigation of the topography (Fig. 7.11), the EDX element
mappings in Fig. 7.12 clearly present, that carbon C, oxygen O and copper Cu are uniformly distributed
and that a local oxidation or degradation of the protective coating cannot be observed. Based on the
results presented so far, the C coating is very promising. The investigations could not detect any
degradation or oxidation of the Cu surface. For a confirmation of these outcomes, the advanced

nanoscale characterization by PF-KPFM was performed.
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Figure 7.12. EDX element mapping of a Cu surface protected by the 10 nm C coating after a temperature treatment of

200 °C cotresponding to the topographic image in Fig. 7.11.

The AFM topography and the corresponding PF-KPFM result of a 200 °C stressed Cu surface protected
by the 10 nm thick C coating can be seen in the Fig. 7.13. In contrast to the Pt coating, the AFM
topography image of the observed carbon layer does not yield any grown particles on top of the surface.
The corresponding CPD image only shows slight variations at some topographic features such as grain
boundaries. A more detailed insight can be gained by the enlarged subsections in Fig. 7.13. The
subsection of the topography provides the improved display of the surface and enables the investigation
of attributes near the grain boundary. The CPD result of the subsection only shows slight variations
provoked by the grain boundary. The other topographic features did not provide a change of the CPD
value. These important outcomes of the nanoscale investigation cleatly demonstrate that the carbon layer
did not degrade and that no oxidation of the protected Cu surface occurred. These conclusions agree
with the SEM investigations of the topography and the corresponding EDX results. The findings cleatly
demonstrate the excellent performance of the 10 nm thick C coating regarding the protective effect even
for elevated temperatures up to 200 °C. Based on these results the thickness of the protective layer can
be further decreased. The 10 nm C coating did not show a detectable degradation and protected the Cu

surface completely from oxidation.
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Topography 5um

Figure 7.13. AFM topography (a) and corresponding PF-KPFM result (b) of a Cu surface protected by the 10 nm C coating
after a temperature treatment of 200 °C. The white dashed squares mark magnified areas presented in the above subsections.

The red circles in the subsections highlight the correlation of the grain boundary and the CPD change.

7.5  Decrease of the C layer thickness

The further decrease of the layer thickness ensures that further process steps such as interconnection
techniques are not influenced by the additional layer. The results in Fig. 7.14 represent the SEM
topography images as well as the BSE images of the different layer thicknesses. It is apparent that the
additional coating layer does not influence the topography images. The deviations shown are due to the
natural change in the surface structure. In contrast, the BSE images (Fig. 7.14a2, b2, c2) provide

compelling evidence that the layer thickness is reduced.

The different grayscales in the BSE images indicate the variation of the crystal orientation of the
individual Cu grains. It can be inferred therefore, that the contrast is damped by the C layer. The lower
the thickness of the C layer the more detailed the Cu grain structure can be detected. But it can be
concluded, that further investigations are necessary to rate the protective effect. Consequently, an EDX
analysis of the coated surfaces was performed before and after a temperature treatment of 200 °C. The
quantitative results of the element distribution are given in Fig. 7.15. The atomic weight of the fresh and
untreated samples provides expected values. Due to the decreasing coating layer thickness, it is logical
that the C value decreases and hence, as detailed in Fig. 7.15, the Cu value increases. The oxygen fractions

indicating a possible oxidation of the fresh surface remain in the low range around 1% or even below
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Figure 7.14. SEM topography image (al, b1, c1) and material contrast images achieved by BSE imaging (a2, b2, c2) of a Cu

surface protected by a C coating with a thickness of (al, a2) 5 nm, (b1, b2) 3 nm and (c1, ¢2) 1 nm.

and a correlation with the coating layer thickness cannot be observed in the inset in Fig. 7.15. This

expected behavior is in agreement with the topography and BSE results as inspected in Fig. 7.14. After

stressing the protected surface with a temperature of 200 °C for 15 min, the atomic weight values of the

elements evidence the protection of the Cu surface for layer thicknesses down to 3 nm.
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Figure 7.15. Atomic weight of the individual elements achieved by a quantitative EDX characterization of both, a fresh and
untreated C coating and a 200 °C stressed C coating, with layer thicknesses varying from 10 nm to 1 nm. The stress time was

15 min. The distribution of the low oxygen weights is shown in detail in the respective inset.

The inset illustrating the low oxygen fractions in detail confirms that the 3 nm thick layer provides the
same protection as the 10 nm or the 5 nm layer. The C and the Cu values provide much larger deviations
compared to the unstressed samples, but it is important to note that the oxygen weights remain low. In
contrast, the inspection of Fig. 7.15 indicates that the 1 nm thick C layer is substantially oxidized after
the temperature stress. The achieved ratio of the Cu content related to the oxygen content can be stated
to be approximately 2:1. This detected ratio provides compelling evidence that the grown oxide mainly

consists of CuzO.
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Figure 7.17. SEM topography image (a) and material contrast image achieved by BSE imaging (b) of a Cu surface coated by a
1 nm thick C layer stressed at 200 °C

The topography image of the oxidized surface and the material contrast image in Fig. 7.17 display the

significant loss of the protective effect and verify the quantitative EDX characterization in Fig. 7.15.
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O

Figure 7.16. SEM topography image (a) and material contrast image achieved by BSE imaging (b) of a Cu surface coated by a
5 nm thick C layer stressed at 200 °C. The corresponding EDX mappings represent the distribution of Cu and O on the

surface. The red circles clarify the correlation of specific surface areas.
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Despite the fact that the atomic weights of the elements listed in Fig. 7.15 show that the 5 nm and the
3 nm thick C layer can protect the Cu surface from oxidation, very local oxide grains could occur on the
surface. For the detection of such grains, the topography must be related to the element distribution

over the surface.

The result of the investigations can be found in Fig. 7.16. The topography images provide very local
grains and the material contrast images can obviously show that the grains can be defined to be a different
material. The corresponding EDX mappings enable the assignment of the detected particles to oxygen
and therefore, they can be defined to be oxide grains. The EDX spectrum of the whole area does not
yield an increased oxygen content, but at some sporadic places, very local oxidation particles could be
identified. The same examinations were performed for the 3 nm thick C layer and the outcomes are
represented in Fig. 7.18. By inspecting the mentioned figure, it can be reasoned that parasitic particles
could be detected on the surface and the material contrast image enables the correlation of these
topographic features to a different material. The additional EDX mappings illustrated in Fig 7.18 allow
a more precise specification of the material. It can be observed that the oxygen content rises significantly

at the detected particles. This result provides compelling evidence that the detected particles are oxide

O

0

Figure 7.18. SEM topography image (a) and material contrast image achieved by BSE imaging (b) of a Cu surface coated by a

3 nm thick C layer stressed at 200 °C. The corresponding EDX mappings represent the distribution of Cu and O on the

surface. The red circles clarify the correlation of specific surface areas.
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grains. Similar to the results of the 5 nm thick C layer presented in Fig. 7.16, Fig. 7.18 indicates that only
very local oxide grains were grown on the surface and a degradation of the remaining protection layer

could not be detected.

In further investigations, the advanced nanoscale characterization by PF-IKKPFM was used to confirm the
previous results. As shown in Fig. 7.19, AFM topography imaging provides a high-resolution image of
the coated surface. The corresponding PF-KPFM results showing the CPD values reports only slight
variations, but any correlation of grain structures grown on the surface and a CPD change cannot be
observed. The subsections of the magnified areas in Fig. 7.19 also validate this conclusion. Comparing
the Figs. 7.13 and 7.19, it can be seen that they provide very similar results, even the CPD values of the
PF-KPEFM results are approximately in the same region. Summarized, it can be reasoned that beside
some very sporadic local oxide grains, the 5 nm thick C layer also enables the effective protection of the

Cu surface from oxidation. The SEM imaging, the EDX analysis and the nanoscale PF-KPFM

investigations did not detect a general degradation of the protection layer caused by the temperature

stress.

100 nm & :

Topography 5um

Figure 7.19. AFM topography (a) and corresponding PF-KPFM result (b) of a Cu surface protected by the 5 nm C coating
after a tempetature treatment of 200 °C. The white dashed squares mark magnified ateas presented in the above subsections.
The red circles in the subsections highlight the correlation of surface areas with topographic variations and the corresponding

CPD change.

In a last step, the nanoscale characterization by PF-KPFM of the 3 nm thick C layer was performed. The

results so far were comparable with the 5 nm thick layer. SEM imaging and EDX analysis illustrated in
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the Figs. 7.15 and 7.18 the existence of sporadic local oxide grains, but a general degradation of the 3 nm
thick C layer was not detected. PF-KPFM should enable the determination of a possible degradation of
the coating layer. The result can be found in Fig. 7.20. The AFM topography image clearly displays the
surface structure. The red circles in the image as well as in the magnified subsection highlight some very
local features. But it is important to note that any clusters of grown oxide grains are not visible. In the
corresponding PF-KPFM map the red circles mark the same areas and improve the correlation of the

topographic features and their CPD values.

-720 mV

Topography 5um

Figure 7.20. AFM topography (a) and corresponding PF-KPEFM result (b) of a Cu surface protected by the 3 nm C coating
after a temperature treatment of 200 °C. The white dashed squares mark magnified areas presented in the above subsections.

The red circles highlight the correlation of surface areas with topographic variations and the corresponding CPD change.

It is evident from the images that the identified particles have a slightly different CPD value than the
surrounding. It can be suggested that these particles were grown by oxidation, but a clear assignment is
not possible. Beside the identified particles, the CPD image provides the evidence that any clusters of
oxide grains were not grown on the surface and the protective effect of the C layer still exists. However,
by comparing all PE-KPFM results presented in the Figs. 7.13, 7.19 and 7.20, it can be observed that the
CPD range of the 3 nm thick C layer is very different. Such an exception especially in case of the 3 nm
thick C layer could already be seen in the BSE images presented in Fig. 7.14. The thickness drop of 5 nm
to 3 nm improved the BSE signal contrast significantly which could be explained by the lower damping
of the thinner coating layer. It is important to note that the different CPD range is not resulted by the
temperature treatment because the untreated samples provided PF-KPEFM results with CPD values in

the same range. For this reason, it can be speculated that the thinner coating layer has a lower packing
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density and therefore, the PF-KPFM characterization provided lower CPD values more influenced by
the underneath Cu material. Even though, it is an important outcome that the protective effect of the
3 nm thick coating layer is just as good as of the 5 nm thick layer. For any subsequent interconnection
processes, the variation of the CPD range is a significant observation, because it can be assumed that if
even non-contact measuring methods such as PF-KPEFM can detect a change, following mechanical
treatments are not affected. Finally, it can be concluded that the presented results could cleatly evidence

the protective effect of a 3 nm thick carbon coating layer for a Cu sutface up to a temperature of 200 °C.

7.6 Summary

I found out that a 3 nm thick carbon layer deposited by Ion-beam sputtering deposition can clearly
protect Cu surfaces from oxidation for a stress temperature up to 200 °C. SEM topography imaging,
Backscatter Electron Imaging and corresponding EDX analysis are appropriate tools to monitor the
general and local film degradation. An additional PF-KPFM characterization enables the nanoscale
investigation of the coating degraded by the temperature treatment. It could be shown that a 10 nm thick
Pt coating cannot successfully protect the Cu surface and provides already a local oxidation at a stress
temperature of 150 °C. The degradation is characteristic for the Pt coating material and not linked to a
drop in the coating quality at specific topographic features. The C coating layer provides a much better
protective effect. Beside very local sporadically distributed oxide grains, a gradually degradation of the
protective coating was even not observable in the nanoscale for a stress temperature of 200 °C and layer
thicknesses down to 3 nm. A 1 nm thick C layer cannot protect the Cu surface sufficiently and provides
a complete oxidation of the Cu surface after the 200 °C temperature stress. The PF-KPFM
measurements show a significant change of the CPD value in the transition of the 5 nm to the 3 nm
thick layer. I concluded that if even PF-KPFM can detect a change, following mechanical treatments are
not affected. For semiconductor manufacturing, in general and copper wire bonding, in particular, the

introduced carbon coating is a valuable process to protect the Cu surface from oxidation.
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8. Oxidation and microstructural study of Cu free air ball formed in air

The electric flame-off (EFO) is the initial step in the thermosonic wire bonding process cycle [158] and
forms the free air ball (FAB). Fig. 8.1 illustrates the FAB formation. The EFO step uses a low energy
plasma discharge applied by an appropriate electrode to melt the wire tail of the Cu wire. Due to the
surface tension the molten metal builds up a ball and afterwards the formed FAB cools down and

solidifies.

wire capillary
\
EFO

electrode

FAB /"

¢

Figure 8.1. Schematic principle of the electric flame-off process step. A low energy plasma discharge is applied by an EFO

electrode to melt the wire tail. Due to the surface tension the molten metal forms the free air ball.

For applications with gold wires, the different parameters affecting the Au FAB formation were
researched in various publications [158,159,8]. For the implementation of Cu as bonding material, the
heat transfer, cooling and solidification of the Cu wire during the EFO process were investigated. Hang
et al. [35] reported in their study that the dominant heat loss mechanism is the conduction through the
wire. In contrast to the Au wire, Cu is very reactive and susceptible to oxidation. Since the melting of
the Cu wire and the solidification to the FAB are temperature related processes, the recrystallization and
oxidation of the Cu FAB are important factors for the bonding process [160]. The majority of the
researchers tried to neglect the oxidation during the formation of the FAB by implementing a shielding
gas environment [14,161-163]. As schematically illustrated in Fig. 8.2, the shielding gas flows only
around the wire tail for the ball formation. Pequegnat et al. [14] studied the gas type and the flow rate of
the shielding gas. They reported that the flow rate must be optimized for each wire type to produce
acceptable FABs and that a gas mixture of 95% N2 and 5% H> significantly reduces the surface oxide
rather than Nz. The realization of such a gas environment with a very distinct flow rate necessitates
additional technical equipment. But, even with optimized settings the Cu oxidation could not be

extinguished totally.
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Figure 8.2. Related to Fig. 8.1 EFO process under shielding gas environment to prevent oxidation during the FAB

formation.

In this study, the Cu FAB formation in a standard air environment was used. I explored not only the
oxidation of the Cu FAB dependent on the EFO parameters, but also effects resulted from the

recrystallization such as strain within the microstructure and the grain size distribution.

8.1 Experimental

For the FAB formation, an oxide-free Cu wire with a diameter of 25.4 um was used. The low energy
plasma discharge of the EFO process was provided by the Negative EFO module Model 238 from
UTHE technology. This module offers a constant current output of 200 mA and an adjustable discharge
voltage in the range of 2kV to 5 kV. In addition, the EFO firing time of the voltage discharge can be
varied from 0.2 ms to 10 ms. Related to the study of Hang et al. [162], the EFO firing time was set to
0.56 ms, because they declared that by using shorter firing times grains have less time to grow during the
recrystallization. Consequently, the firing time enables a minimized heat affected zone and a reduced

grain size. This microstructure is related to FABs with a lower hardness [35,160].

The FAB formation in this study was performed by a semi-automatic ball-wedge bonder model 1204B
from Mech-El industries. The gap between the EFO electrode and the wire tail was set to 790 um in

agreement with the instrument parameters.

The Cu FABs were examined using a Zeiss Ultra 55 scanning electron microscope to observe the
topography and FAB diameter. Oxidation as well as microstructural properties of the Cu FABs were
analyzed by using energy dispersive X-ray spectroscopy (EDX) and electron backscatter diffraction
(EBSD). The fundamental details of the SEM topography imaging and the further SEM based analytical
techniques, EDX and EBSD, were described in section 3.2.

113



8. Oxidation and microstructural study of Cu free air ball formed in air

8.2  Surface morphology and elemental analysis of FAB

In a first advance, the surface topography and the resulting diameter of the FAB were investigated by
using SEM imaging methods immediately after the formation. In Fig. 8.3 the SEM images of individual
FABs formed by using different discharge voltages are represented. By comparing the different shapes,
it can be noted that most of the discharge voltages resulted in well-formed balls and only the FAB formed

at 2.6 kV provided significant deviations from the round shape.

Figure 8.3. Surface topography of FAB and diameter in relation to the EFO discharge voltage.

Besides the topographical variations, the FAB diameters are specified in Fig. 8.3 and they cleatly highlight
that the FAB size increased for higher discharge voltages. The maximal FAB diameter is around 90 um,
which is about 3.5 times larger than the original Cu wire size of 25.4 um. The statistical deviations of the
individual FAB sizes could be determined by investigating between seven and 14 FABs generated at each

single EFO voltage.

As a result, Fig. 8.4 shows the measured FAB diameters as well as the FAB size with respect to the
original Cu wire diameter in relation to the electric flame-off voltage. It is obvious that the exponential
trend of the best-fit line is very suitable for the relationship between the FAB diameter and the EFO
voltage. The equation of the exponential fit line with the corresponding values as well as the coefficient

of determination R2 is stated in Fig. 8.4.

Pequegnat et al. [163] outlined in their study that FAB diameter and EFO firing time are related to a
second-order polynomial. They achieved FAB diameters in a similar range of approximately 30 um to
70 um by using much shorter firing times of about 0.05 ms to 0.25 ms. This difference can be explained
by the higher EFO current of 250 mA compared to 200 mA used in this work as well as by the use of
forming gas containing 5% Hz and 95% Na. The hydrogen in the forming gas provides additional thermal

energy to the EFO process which leads to an increased FAB size [14].
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Figure 8.4. Diameter of the Cu FAB in relation to the electric flame-off voltage

In a first view the surface topography of the FABs in Fig. 8.3 looks quite similar. Fig. 8.5 provides a
magnified area of the FABs shown in Fig. 8.3 which enables a more detailed investigation of the
topographies. The transformation of the surface topography is clearly visible. With increasing EFO
voltage, the microstructure of the FAB surface varies significantly. The 2.6 kV and 3.2 kV surfaces in
Fig. 8.5 shows a coarse topography with comparative large topographic structures. A further increase of
the EFO voltage to 3.8 kV and 4.4 kV, respectively, provides an additional microstructure to the
remained coarser structured areas. The red circles in Fig. 8.5 highlight the areas indicating these different
topographic features with varying structure size. The last topographic image corresponding to a EFO
voltage of 5kV indicates a further structural change and suggests that the previously observed
microstructure has grown and expanded further. Since the FAB is formed by melting the Cu wire tail, it
must be considered that the structural variation of the FAB surface could be due to the exposure to
oxidation during the FAB formation. The melting point of Cu is known to be at a temperature of
1083 °C. In this temperature range the oxidation behavior is different and cannot be easily compared to
the oxidation kinetics in the low temperature range up to 300 °C. For this reason, the high temperature
oxidation is addressed in publications separately [164,165]. In this study, the oxidation behavior
dependent on the used EFO voltage was investigated by employing the X-ray spectroscopy methodology
EDX.
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Figure 8.5. Magnified surface topography of the FABs corresponding to Fig. 8.3. The red circle highlight different
topography features build up on the FAB surface.

A typical spectrum of a 5 kV FAB is illustrated in Fig. 8.6. The elements identified are carbon (C), oxygen
(O) and certainly copper (Cu). Especially, the comparatively high oxygen peak indicates an oxidation of
the Cu FAB. The acceleration voltage chosen for the EDX analysis of the FAB was 3 kV. Such a low
voltage ensures that the penetration depth of the electron beam is reduced and the analytical area may

be limited to the surface.
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For the calculation of the X-ray generation depth in Cu, the formula of Castaing [129] can be used. The

formula is given by

A (8.1)
Zm = 0.033(Ey” — Eéj)p_Z

where z,, denotes the X-ray generation depth or analytical depth, Ej is the electron energy related to the
acceleration voltage in keV, E¢ tepresents the minimum emission energy in keV for the bulk element, A
denotes the atomic mass in g/mol of the bulk element, p is the density in kg/m?3 and Z represents the
atomic number of the bulk element. For Cu, O and C the corresponding parameters and the calculated
analytical depth Z,,, are summarized in Table 8.1. z,, for pure copper was calculated to be 45 nm. The
values derived for pure oxygen and carbon are only of theoretical importance because carbon or oxygen

may only be present in a compound.
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Figure 8.6. EDX spectrum achieved from the surface of a FAB formed at 5 kV.

Table 8.1. Parameter values for zn calculation as introduced in Eq. 8.1 and the detived zy, values.
E, (keV) 3 3 3
C

NG| 63.55  16.00 12.01

p (kg/m3) 8.93 1.57 2.25
Z 29 8 6
Z, (nm) 45 258 187
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For comparison, the derived value for Cu can be evaluated by performing a Monte Carlo simulation of
electron trajectories using the software tool electron flight simulator (EFS). EFS simulates the electron
beam penetration by the energy loss resulting from inelastic collisions in-between individual elastic
scattering events [80]. The result of the Monte Carlo simulation in Fig. 8.7 shows that the electrons
penetration depth and the derived analytical depth of 45 nm ate slightly different. This difference can be
explained by the energy loss of the electrons inside the material. Since the Cu X-ray quantum of the
L-shell has a minimum emission energy of 0.93 keV, the remaining electron energy must have at least
this value in order to be suitable for the excitation of the X-ray quantum. Consequently, it can be
concluded that electrons penetrating deeper into the material than the analytical depth cannot excite the

Cu X-ray quantum anymore and thus, that the computation and the simulation are in good agreement.
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Figure 8.7. Monte Carlo simulation of electron trajectories for pute coppet. The analytical depth of 45 nm detived by Eq. 8.1
is marked by the red dashed line.

As already mentioned related to Fig. 8.6, the clear O peak indicates the formation of Cu oxide on the
FAB surface. Since the oxidation states of Cu, CuxO and CuO, have different material properties
compared to pure Cu, the analytical depth may also be calculated for the Cu oxides. Therefore, the
parameters according to Eq. 8.1 must be evaluated for CuxO and CuO. The density p for both materials

is known and is 6.0 g/cm? for CuO and 6.32 g/cm? for CuzO.
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8. Oxidation and microstructural study of Cu free air ball formed in air

For the evaluation of the analytical depth Z,, the mean atomic mass A;,eqy and the mean atomic number

Z mean must be calculated. Apyeqn is defined by

N¢ No
Amean = N_u Ac

u
total Ntotal

where N¢,, denotes the number of copper atoms, Ny denotes the number of oxygen atoms and Niorqy
the total number of atoms in the molecule. The atomic number corresponds to the atomic mass of the
element. For this reason, the theoretical mean atomic number for CuO and Cu,O must correspond to
the molecular weight ratio of the compounds. Based on that, Z,;¢qy, is defined by

_NCu'ACu_Z No'Ao_

Zmean - T Cu M ZO (8'3>

where M denotes the molecular mass of CuO and Cu,O, respectively. In Table 8.2 the emission energy
E¢ for the compounds CuyO and CuO was defined to be the value for Cu, because the remaining

electron energy must be high enough for the excitation of the Cu X-ray quantum.

Table 8.2. Material parameters for Eq. 8.1 of Cu and O and the corresponding values for the molecules Cu2O and CuO.

ICalculated values according to equations 8.2 and 8.3.
3 3 3 3

(A% 0930 0.523 | 0.930 0.930

E, (keV)

AN(e/Anlel)l 63.55 16.00 | 47.70t 39.78!

M (g/mol)

143.1  79.55
p (kg/m3) IEEE 1.57 6 6.32

29 8 26.651 24.781

As a result, the calculation of the analytical depth with the data from Table 8.2 inserted in Eq. 8.1
provides Z,, values for Cu0O and CuO of 55.0 nm and 46.9 nm, respectively. Fig. 8.8 illustrates the
comparison of the analytic depth Z,,, and the penetration depth of the electrons detived by a Monte
Carlo simulation. Again both, the electron penetration depth and the calculated z,, values are in good
agreement. Additionally, it is obvious from Fig. 8.8 that both Cu oxides provide different electron
propagation characteristics. As an important outcome, the X-ray generation depth z; as well as the
appropriate propagation characteristics estimated by the Monte Carlo simulation of electron trajectories

define the thickness limitations for the EDX analysis of oxide films.
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Figure 8.8. Monte Carlo simulation of electron trajectories for CuzO (left) and CuO (right). The analytical depth for the

respective material, 55 nm for Cuz0 and 46.9 nm for CuO, is marked by the red dashed line in both graphs.

In detail, the element composition of at least five FABs were characterized to ensure that the result can
be named as representative and does not refer to outlier. The quantitative analysis of each EDX spectrum
is summarized in Fig. 8.9. Furthermore, the element composition of the Cu wire was also quantified and
the quantities of the elements were added in Fig. 8.9. The results of the Cu wire provide significant
variations. Especially, the oxygen content is much lower than the derived quantities of the FABs. The
increased O content and the concurrent decreased Cu content at unchanged C values are a clear

indication for the oxidation of the FABs. The average carbon contents of all FABs as well as the values
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Figure 8.9. Quantitative evaluation of the EDX measurements showing the atomic weight in percentage of the detected

elements.
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of the pure Cu wire are pretty much the same. Only the FAB formed by the highest discharge voltage
of 5 kV shows a larger deviation of the individual carbon contents. This high EFO voltage is thus more
susceptible to an increased carbon contamination. However, as can be noticed by reviewing the O
content, this increased C contamination does not influence the oxidation. As a more detailed indication
for an occurring oxidation the ratio of Cu to O can be considered. The different Cu oxides, CuO and
CuzO, can be identified by the ratio of the atomic weight of Cu and O. Accordingly, a ratio of 2:1

corresponds to Cu2O and 1:1 corresponds to CuO, respectively.

Based on the quantified evaluation in Fig. 8.9 the statistical distribution of the atomic weight ratio of
Cu:O is plotted in Fig. 8.10. The average values related to the Cu:O ratio of the lower EFO voltages are
in the same range. A voltage of 5 kV provides slightly lower values. However, from these results, the
type of oxide can not be inferred. Fig. 8.8 introduced the analytical depth for the respective Cu oxides.
Since even the lowest Cu:O ratios in Fig. 8.10 are larger than 2:1, it can be noted that the oxide thickness
grown on the FABs is significantly lower than the analytical depth derived in Fig. 8.8. This is an important
outcome because due to the melting process during the FAB formation in ambient air a much thicker
oxide layer was expected. However, providing that a CuyO film has formed, the Cu:O ratios (Fig. 8.10)
cleatly shows that a oxide layer below the analytical depth of 55 nm has grown on the FABs. Logically,
this value is even much lower for an assumed CuO layer because of the lower analytical depth (Fig. 8.8)

and the provided Cu:O ratios (Fig. 8.10) indicating a much higher Cu content than required for CuO.
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Figure 8.10. Statistical distribution with standard deviation from the mean value and minimum and maximum value of the

atomic weight ratio of copper to oxygen measured at FABs shaped at different voltages.
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The statistical distribution in Fig. 8.10 also shows that lower EFO discharge voltages result in much
larger deviations of the Cu:O ratio. This means that the oxidation behavior of the FABs formed at
identical conditions varies clearly. Summarized it could be shown that the topographical investigation as
well as the X-ray analysis of the FAB surface revealed significant differences at the various EFO
discharge voltages. Previously, the detailed image of the FAB surfaces in Fig. 8.5 indicated that lower
EFO voltages provide various topographic patterns. It is worth noting that this surface structures go in
line with the observed deviations of the atomic weight ratio of Cu:O (Fig. 8.10) and may be related to
different oxidation states or oxide layer thicknesses. In addition, the 5kV results of the surface
topography (Figs. 8.3 and 8.5) and the EDX analysis (Fig. 8.10) fit together. The more balanced and
increased microstructure of the 5 kV FAB and the lower deviations of the Cu:O ratios indicate a thicker
and more consistent oxide layer covering the Cu FAB surface. These significant differences of the
oxidations can be explained by the FAB size in relation to the original Cu wire diameter (Fig. 8.4). Hang
et al. [35] reported that the dominant heat loss mechanism related to the cooling of the FAB in air is the
conduction up to the wire. Therefore, smaller FABs with respect to the original Cu wire may cool down
faster than larger FABs. In the present case, the FAB formed at 2.9 kV is 2.1 times larger, the 3.5 kV
FAB is 2.8 times larger and the FAB formed at 5 kV is even 3.5 times larger than the original Cu wire
(Fig. 8.4). Consequently, the heat loss through the Cu wire is much more effective for the 2.9 kV FAB
than for the 5 kV FAB and the slower heat transport of the 5 kV results in a longer lasting temperature

stress and thus, in an extended oxidation.

To confirm these assumptions, Fig. 8.11 shows the simulated temperature distribution of two different
FABs formed at 3.2 kV and 5.0 kV with diameters of 63.75 pm and 89.54 um, respectively, and the Cu
wire 1ms after the FAB formation by the EFO process. The correlation of EFO voltage and FAB

diameter were chosen referred to Fig. 8.4. The different color scales clearly illustrate that the larger FAB

3.2kVv 5.0 kv

Figure 8.11. Temperature distribution 1ms after the FAB formation of two different sized FABs formed by other EFO

voltages.
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cooled down more slowly after 1 ms. These results confirm that the dominant heat transfer is the
conduction up to the wire. Fig. 8.12 displays the whole temperature profile during the solidification
phase after the Cu wire melting. It is evident that larger FABs formed by higher EFO voltages needs

much more time to cool down.
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Figure 8.12. FAB temperature over time during the cooling phase for FABs formed by different EFO voltages.

8.3 Nanoscale characterization of the internal FAB structure

The present investigations focused on the general FAB size and on the FAB surface or at least on the
area near to the surface, but due to the melting and solidification for the FAB formation, the inner FAB
properties such as the crystal structure or the existence of oxidation areas must be considered.
Consequently, in the next part results related to the inner structure of the FABs formed in ambient air

are presented. For this investigation, a cross-section preparation of the FABs were done.

In a first approach the EDX results of the cross sectioned FABs were compared with the results of the
FAB surfaces. The topography of the cross section and the corresponding elemental mapping of the
EDX analysis are depicted in the Fig. 8.13. In the topography images the individual grains can be
identified. The corresponding elemental mapping specifies the arrangement of carbon, oxygen and
copper indicated by their respective color. The carbon content in the outer areas is due to the epoxy
resin which was used for mounting the samples. It is obvious that inside the FAB only Cu is present and

no oxide areas indicated by oxygen are visible.
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Figure 8.13. Surface topography (left) and corresponding elemental mapping of an EDX analysis (right) of the cross section
of two FABs formed at different discharge voltages. FAB diameters can be read from the Fig. 8.4. In the elemental mapping,

the red color corresponds to carbon C, green to oxygen O and blue to copper Cu.

Moreover, oxygen indicated by the green color is mainly existent at the border of the FAB. Compared
with the EDX analysis of the FAB surface in Fig. 8.9 and 8.10, the elemental mapping in Fig. 8.13 also
exhibits significant differences of the oxygen areas or rather the oxidation layer grown by the EFO
process. The correlation between an increased EFO voltage and the thicker oxidation layer could be
confirmed by the Cu:O ratio (Fig. 8.10) and the oxygen areas around the cross-section samples
(Fig. 8.13). This is an important outcome for choosing the parameter settings of the EFO process in
ambient air. An EFO voltage in the range of 3 kV produces a well formed spherical FAB with a very

thin oxide layer grown on the surface.

Additionally, the EFO process probably also changes the crystallographic structure of the original Cu
wire. Fig. 8.13 already suggests individual grains, but for a more detailed insight the exact crystal structure

was determined by performing an EBSD characterization of the cross-sectioned FABs and the Cu wite.
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The EBSD results in Fig. 8.14. indicate significant differences between the crystal structure of the FABs
and the Cu wire. Each grain is related to a color which specifies the crystal orientation of that grain. The
Inverse Pole Figure (IPF) map in Fig. 8.14 shows that the grain size of the FAB compared to the Cu
wire increased significantly and that the larger grains in the FABs have different orientations. However,
a preferred crystal orientation could not be observed. The IPF maps present the grain distribution inside
the FABs and the Cu wire very well, but especially the grain size of the FABs is not comparable in this

tigure.

Figure 8.14. EBSD analysis of FABs formed by using different discharge voltages and of an original Cu wire showing the
grayscale image quality map colored by the Inverse Pole Figure (IPF) data with respect to the [001] direction. FAB diameters
can be read from Fig. 8.4.

Therefore, the exact grain size area was extracted and outlined in Fig. 8.15. The difference between the
Cu wire grain size and the FAB could already be suggested in Fig. 8.14. Fig. 8.15 shows in detail the
statistical distribution of the grain size areas. It could be indicated that the 5 kV FAB provided larger
grains than the 3.2 kV FAB. However, it must be considered, that the 5 kV voltage results in a 41.6%
larger FAB diameter compared to the 3.2 kV FAB. However, the difference in grain size between the
5kV FAB and the 3.2 kV FAB does not match the increase of the FAB diameter. It can be observed
that a maximum grain size of 547 um? can be related to the 3.2 kV and 1237 pm? to the 5.0 kV,
respectively. This corresponds to an enlargement of 126%, which is much more than the percental

increase of 41.6% for the FAB diameter. Due to this significant difference, it can be noted that the EFO
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voltage cleatly influences the grain size of the recrystallized FAB. Since Hang et al. [162] reported that a
finer grain structure is advantageous for the microhardness because of softer FABs and since the 3.2 kV
FAB provided lower grain sizes, the EFO discharge voltage should be chosen in this range. Previously
in this section, it was concluded that a voltage in the range of 3 kV produce a well formed spherical FAB
with a very thin oxide layer grown on the surface. The results and the conclusions drawn for the observed
crystal orientations (Fig. 8.14) and the evaluated grain sizes (Fig. 8.15) are consistent with the

topographical and X-ray spectroscopic observations and verify the favored EFO voltage range of 3 kV.
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Figure 8.15. Statistical distribution of the grains size areas extracted from the EBSD results introduced in Fig. 8.14.

Besides the analysis of the crystal structure, the orientation and the grain size, the EBSD results can also
be used to perform a plastic strain analysis caused by the deformation [166,167]. In their review article
Wright et al. [166] examined the different technologies in terms of strain analysis using EBSD and
explained in detail that plastic strain degrades the quality of the diffraction patterns. A diffraction volume
within a region of a high dislocation density results in degraded patterns because local perturbations of
the diffracting lattice planes lead to an incoherent scattering. This is shown schematically in Fig. 8.16 for
a single dislocation. Thus, the higher the dislocation density is the stronger the degradation in pattern

quality.
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Figure 8.16. Schematic diagram demonstrating the disturbance in the crystal lattice caused by two opposing edge dislocations

leading to a degraded EBSD pattern.

The visualization of such a dislocation density can be achieved by investigating the deviations in
orientation between each measurement point in a grain and the average orientation of that grain. More
plastic strain lowers the pattern quality and increased the orientation spread inside a grain significantly.
The map for this kind of strain analysis is called the grain orientation spread (GOS) and is explained in

detail in [166].

Applied to the EBSD results in Fig. 8.14, Fig. 8.17 represents the corresponding GOS map. The colors
indicate an orientation deviation from 0 up to a maximum deviation of 6 degrees. The GOS map of the
Cu wire features very low deviations and thus, the dislocation density or the plastic strain in the material
is very low. A specific area for an increased strain may not be observed. In contrast to this, the GOS
maps of the FABs in Fig. 8.17 indicates increased orientation deviations at the borders. This increased
dislocation density at the borders was observed for both, the 3.2 kV and the 5.0 kV FAB, whereas the
3.2 kV FAB provided the largest dislocation density indicated by the measured deviation of around 6°.
The GOS map of the 5.0 kV FAB resulted in a maximum deviation of around 2.7°. Based on these
results, it can be concluded that FABs formed at lower voltages have more strain inside than FABs

formed at higher voltages.

As a reason for the different GOS maps, the cool down procedure of the FABs may be stated. In the
previous investigations related to the Cu oxide growth on the FAB surface, the heat loss mechanism
(Figs. 8.11 and 8.12) could explain the detected differences in oxide layer thickness. In various studies
[35,168,169,9] the researchers found out that during the FAB formation the main heat loss mechanism
is the conduction up to the wire and thus the ball solidified rapidly by convective heat transfer. For the
evaluation of the temperature distribution 1 ms after wire melting (Fig. 8.11) as well as for the complete
temperature profile over time (Fig. 8.12) the convective heat transfer in the material up to the wire and
the convective cooling over the ambient air were considered. The larger volume of the 5.0 kV FAB takes

more time for the cooling phase compared to the 3.2 kV. The GOS maps in Fig. 8.17 provided reduced
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Figure 8.17. EBSD strain analysis of FABs formed by using different voltages and of the original Cu wire showing the

grayscale image quality map colored by the grain orientation spread (GOS)

strain inside the FAB for higher EFO voltages because the internal stress could be lowered by the longer

cooling phase.

8.4 Summary

In this study, the FAB formation in ambient air environment was investigated by using SEM topography
imaging and further SEM based characterization techniques such as EDX and EBSD. The FAB diameter
correlates cleatly with the EFO voltage in an exponential trend. The measurements showed that various

topographic regions on the FAB surface can be assigned to different Cu oxide layer thicknesses.

The X-ray generation depth could be calculated for pure Cu as well as for the Cu oxides, Cu2O and CuO
and the results could be confirmed by performing Monte Carlo simulations of electron trajectories. It
could be shown that the thickness of the oxide layers grown on the FAB surface are below the derived
analytical depth of 55 nm. The deviations of the Cu:O ratio at different FABs as well as at different FAB

regions provided a significant correlation of the EFO voltage and the oxidation behavior.

Cross sectioned FABs showed that the oxidation occurs only on the surface and oxide areas inside the
FAB can be excluded. EBSD measurements enabled the correlation of grain structure, grain size and

strain inside the FAB with the EFO voltage. A finer grain structure and a lower grain size can be achieved
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by lower EFO voltages. EBSD strain analysis indicated an increased dislocation density at outer area of

the FAB and simultaneously higher EFO voltages yielded a lower dislocation density.

Both, the difference in oxidation behavior as well as the different dislocation density could be correlated
to the heat transfer during the FAB formation. Since the main heat transfer mechanism is up to the wire,
smaller FABs cooled down faster and they possessed thinner oxide layer. Related to the dislocation
density, larger FABs provided reduced strain inside the FAB because the internal stress can be lowered

by the extended cooling phase.
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9. Conclusion

The progressive down scaling of semiconductor technologies has improved the performance of
integrated circuits. For this consequent device shrinking and the needs for high-performance devices,
the metallization material had to be changed to copper because of the much better electrical properties.
Beside the metallization, the interconnection technology in the packaging process is also an important
factor for the performance and reliability of the device. Although Cu has found one’s way into the
semiconductor manufacturing as metallization material, the mostly used interconnection material to
connect a semiconductor chip and a leadframe is gold. The reasons providing gold as interconnection
material are benefits such as self-cleaning, a high yield rate, flexibility and reliability. In IC packaging the
three principal electrical interconnection methods are flip-chip, tape-automated bonding and
thermosonic wire bonding, at which the thermosonic wire bonding alone has been applied for more than
96% of the IC interconnections. Since Cu is subject to oxidation, even at room temperature, the

characterization of the Cu surface is an important aspect for the process development.

For manufacturing of reliable and predictable Cu wire bonds and the development of respective
industrial processes, a novel method to research the oxidation behavior of the Cu bond pad in the
nanoscale was developed by using combined characterization techniques. Different copper oxides,
cupric oxide CuO and cuprous oxide Cu,O, may cleatly be distinguished by the CPD value measured by
PF-KPFM at ambient conditions. The PF-KPFM results were validated by EDX and FTIR
measurements. The statistical evaluation of the measured CPD values demonstrated that even the
maximum and minimum values do not ovetlap, and therefore the Cu oxides may cleatly be distinguished
solely by PF-KPFM. For CuO PF-KPFM yields CPD values in the range of -859 mV to -709 mV and
for CuO in the range of -635 mV to -524 mV. Based on those results, the investigation of the oxidation
at the bonding temperature of 200 °C yields that already after two minutes CuO has grown on top of a
Cu0 layer. The small CuO grains cover almost the whole surface. At five minutes of oxidation the small
CuO grains apparently merged and build up larger grains. Additionally, the gap between the CuO grains

increased and can clearly be identified to consist of CuO indicating a CuO sub-layer.

Novel thin passivation layer in the nanometer range are introduced to protect the Cu surface from
oxidation without limiting the ability for applying interconnection processes. Such layers enable reliable
and stable surface conditions. Studies show that thin organic Self-Assembled Monolayer (SAM) act as
effective barrier to protect Cu from corrosion. As copper is exposed to elevated temperatures during the
bonding process, integrity, degradation and temperature stability of the protective layers are critical

issues.
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For the characterization of these soft passivation films, advanced AFM techniques such as dCFM
operated in a fluidic environment are introduced to detect chemical surface properties. Due to the
operation in a fluid medium, hydrodynamic drag forces must be considered. A novel numerical
integrated model was presented that is able to provide accurate predictions of the hydrodynamic drag
forces present in AFM fluid imaging in general and in dCFM measurements in particular. The presented
results included a wide range of cantilever types, cantilever oscillation amplitudes, liquids and further
fluid properties such as temperature and ethanol concentration. The correctness of the numerical 3D
model could be verified by comparing the predicted drag forces with published results of other
researchers and good agreement was observed. The findings of this section confirmed that drag force
dependence on tip speed is essentially linear in nature. The numerical results could show that the
triangular cantilever geometry is preferable for AFM operations in liquid because it provides significant
lower drag forces than the rectangular cantilever geometry. Beside the examination of different
cantilevers and their oscillation amplitudes, the influence of fluid media such as ultrapure water or an
ethanol-water mixture with varying ethanol concentration could be demonstrated. The results showed
that ultrapure water provided the lowest drag forces, whereas with increasing ethanol concentration the
drag forces increase. In addition, the presented fluid temperature dependence on the drag force clarified
that beside the heating caused by the equipment, an additional heat source could be used for a further

reduction of the parasitic hydrodynamic drag forces.

The results achieved by the introduced numerical model improved the ability of AFM measurements in
a liquid environment and enabled the nanoscale characterization of passivation layer on Cu. I found that
CHs-terminated SAM films are able to protect Cu from oxidation. Subject to temperature stress, the
films degrade and gradually lose their integrity. Torsional Resonance Tunneling AFM and dynamic
Chemical Force Microscopy are appropriate tools to monitor film integrity and degradation on
nanometer scale without damaging the film. High hydrophobicity and low tunneling current,
respectively, correlate with intact film integrity and vice versa. By comparing my microscopic results with
the macroscopic chemical film composition achieved by ATR-FTIR, I conclude that after 100 °C stress
regions with high tunneling current and low hydrophobicity correlate with local SAM film disintegration
and local oxidation of the Cu surface. With stress temperature up to 150 °C the grade of disintegration
and oxidation increases and may finally lead to a complete decomposition of the SAM film. The film
degradation observed is critical for the application of SAM films in wire bonding processes. For
semiconductor manufacturing, in general and Cu wire bonding, in particular, TR-TUNA and dCFM are

valuable tools for further research, predominately when sensitive surface layers are involved.

Passivation layer based on sputter techniques was evaluated. I found out that a 3 nm thick carbon layer
deposited by lon-beam sputtering deposition can clearly protect Cu surfaces from oxidation for
temperatures up to 200 °C. SEM topography imaging, Backscatter Electron Imaging and cortesponding

EDX analysis are appropriate tools to monitor the general and local film degradation. An additional
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PF-KPFM characterization enables the nanoscale investigation of the coating degraded by the
temperature treatment. It could be shown that a 10 nm thick Pt coating cannot successfully protect the
Cu sutface and provides already a local oxidation at a stress temperatute of 150 °C. The degradation is
characteristic for the Pt coating material and not linked to a drop in the coating quality at specific
topographic features. The C coating layer provides a much better protective effect. Beside very local
sporadically distributed oxide grains, a gradually degradation of the protective coating was even not
observable in the nanoscale for a stress temperature up to 200 °C and layer thicknesses down to 3 nm.
A1 nm thick carbon layer cannot protect the Cu surface sufficiently and provides a complete oxidation
of the Cu surface. The PF-KPFM measurements show a significant change of the CPD value in the
transition of the 5 nm to the 3 nm thick layer. I concluded that if even PF-KPFM can detect a change,
following mechanical treatments are not affected. For semiconductor manufacturing, in general and
copper wire bonding, in particular, the introduced carbon coating is a valuable process to protect the Cu

surface from oxidation.

Beside the research of the Cu pad surface, the Cu free air ball (FAB) formation in the ambient
environment was investigated by using SEM topography imaging and further SEM based
characterization techniques such as EDX and EBSD. The FAB diameter correlates clearly with the
electric flame-off (EFO) voltage in an exponential trend. The measurements show that topographic
changes of the FAB diameters can be assigned to different oxidation layers. The results of the EDX
analysis can be validated by combining the calculation of the X-ray generation depth and the Monte
Catlo simulation of electron trajectories for pure copper as well as for the Cu oxides. The detected oxide
layers are well below the derived generation depth of 55 nm of the EDX analysis and the deviations of
the quantitative element composition provides a significant correlation of the EFO discharge voltage
and the oxidation. Cross-sectioned FABs provide more details related to the internal structure. Element
mappings of the cross-sectioned FABs could show that the oxidation occurs only on the surface and
oxide areas inside the FAB can be excluded. EBSD measurements enabled the correlation of grain
structure, grain size and strain inside the FAB with the EFO voltage. A finer grain structure and a lower
grain size can be achieved by lower discharge voltages. In contrast, a lower dislocation density at the
borders can be detected for higher EFO voltages. The heat transfer up to the wire and the convective
cooling by the surrounding air can explain the introduced conclusions regarding the oxidation and the

dislocation density.
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